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ABSTRACT
In light of human-mediated environmental change, a fundamental goal for biologists is to
determine which phenotypic characteristics enable some individuals, populations or species to be
more adept at coping with such change, while rendering others more vulnerable. Studying
ongoing range expansions provide a unique opportunity to address this question by allowing
documentation of how novel environments shape phenotypic variation on ecological timescales.
At range-edges, individuals are exposed to strong selective pressures and population genetic
challenges (e.g. bottlenecks and/or founder effects), which make genetic adaptation difficult.
Nevertheless, certain species, such as the house sparrow (Passer domesticus), seem to thrive in
their introduced ranges, despite genetic challenges, resulting in a genetic paradox. Increasing
evidence suggests that rapid phenotypic differentiation at range-edges may be facilitated by
phenotypic plasticity among individuals. Further, a role for epigenetic mechanisms as molecular
drivers of such plasticity—particularly in genetically depauperate populations—has recently
garnered empirical support across a broad range of taxa. For my dissertation, I investigated the
role of epigenetic mechanisms (i.e. DNA methylation) as a potential mediator of range expansion
success in vertebrates. Specifically, I proposed that success or failure at range-edges may be
underlain by variation in the capacity for epigenetically-mediated plasticity (i.e. epigenetic
potential) and used extant literature on an inherently plastic and highly integrated physiological
system (i.e. the HPA-axis) to support this hypothesis (Chapter I). I then tested these ideas
empirically by examining the relative contribution of genetic and epigenetic variation to
v

immunological variation in Kenyan house sparrows (Chapter II) and explored whether mediators
of neural plasticity (i.e. BDNF) and epigenetic potential (i.e. DNA methyltransferases; DNMTs)
varied among populations of Senegalese house sparrows, including the potential for covariation
among BDNF, DNMTs and corticosterone (CORT) within individuals (Chapter III).
Flexibility in the regulation of glucocorticoids (GCs) via the HPA-axis is crucial for
survival at range-edges because (i) GCs act as integrators capable of coordinating diverse
physiological and/or behavioral responses and (ii) the HPA-axis contains multiple regulatory
checkpoints which may help to buffer organisms from maladaptive responses (via redundancy)
while simultaneously allowing for the fine-tuning of phenotypic responses to future stressors
contingent on current and past experiences. GC regulatory flexibility can be influenced by (and
in some cases have an effect on) variation in the capacity for epigenetic mechanisms to regulate
environmentally-induced phenotypic changes (i.e. epigenetic potential). DNMTs are capacitators
of epigenetic change, thus provide one such example of how variation in epigenetic potential
could arise via genetic (e.g. variation in coding regions of DNMT genes) and/or environmental
(e.g. developmental programming of DNMT expression) factors. For my first chapter, I
conducted a literature review to explore where within the HPA-axis epigenetic potential was
most likely to occur and to demonstrate how such variation could promote/constrain range
expansion success via its impact on GC regulatory flexibility. Results from the literature search
revealed that within the HPA-axis, evidence for epigenetic regulation was highest for receptors,
suggesting that variation in epigenetic potential of these targets may be most impactful for
variation in GC regulatory flexibility. Using a physiological regulatory network (PRN)
framework, I showed how variation in epigenetic potential can modify plasticity of PRN states
by altering the regulatory relationships (e.g. connectivity) between HPA elements (e.g. GCs as
vi

central hubs) and other physiological/behavioral traits (e.g. subnetworks). As such, I portrayed
how genetic forms of epigenetic potential can dictate the upper/lower limits of an individual’s
homeostatic range, while environmental forms can act to further titrate GC regulatory flexibility
through plasticity of PRN states or stabilization of PRN states. The concept of epigenetic
potential in the HPA-axis demonstrates how plasticity at the molecular level can influence
plasticity at the whole-organism level, which is likely to be important when coping with novel
challenges at range-edges.
Among the strongest of selective pressures faced by range-edge populations is exposure
to parasites, particularly those with which individuals have little to no evolutionary history.
Previous work from our lab on house sparrows in Kenya—site of an ongoing range expansion—
revealed that range-edge birds had higher expression of Toll-like receptor 4 (TLR4—a microbial
surveillance gene) than birds from the range-core. Moreover, extensive inter-individual variation
in genome-wide DNA methylation was found among Kenyan house sparrows, including an
inverse relationship between epigenetic diversity and genetic diversity across populations. For
my second chapter, I investigated whether these two observations were related, asking whether
and how DNA methylation and/or genetic variation within the putative promoter of the TLR4
gene contributed to variation in TLR4 expression. I found that DNA methylation status at CpG1,
which varied from only ~73-100%, was a strong predictor of TLR4 expression within
individuals. Interestingly, other studies have shown that similar magnitudes of variation in DNA
methylation of TLR4 can result in differences in the susceptibility/resistance to bacterial
pathogens, thus, it’s plausible that the variation we observed could have functional implications
for host defense. I also discovered four genetically linked polymorphisms within the TLR4
promoter that grouped into two general genotypes. We revealed a trend that suggests that
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genotype differences may influence TLR4 expression, confirmation of which may be possible
with increased representation from individuals with the rare genotype. Given that DNA
methylation did not vary systematically among populations and evidence for extensive genetic
admixture at the Kenyan range-edge, it seems likely that individual-level factors (e.g. genotype,
early-life experience, infection history, etc.) may be more predictive of variation in DNA
methylation of TLR4 than population-level processes.
Coping with novel challenges often requires coordinated adjustments to environmentallysensitive (i.e. plastic) traits. Findings from my first dissertation chapter, as well as previous
research from the Martin lab, revealed that CORT regulation, exploratory behavior and
epigenetic mechanisms likely contribute to range expansion success in house sparrows. Within
the hippocampus, mediators of neural plasticity such as brain-derived neurotrophic factor
(BDNF), play a unique role in the bidirectional regulation of CORT and exploratory behavior,
with important implications for hippocampal-dependent learning and memory. Moreover,
evidence suggests that the regulatory capacity of CORT and BDNF to influence learning and
memory relies heavily on the catalytic capacity of epigenetic modification enzymes—including
DNA methyltransferases (DNMTs). For my third chapter, I explored whether previous
CORT/behavioral/epigenetic patterns contributed to population-level differences in hippocampal
BDNF expression and/or hippocampal expression of DNMTs (mediators of epigenetic potential),
including potential covariation among CORT, BDNF and DNMTs within individuals. I collected
house sparrows from three populations in Senegal—site of an ongoing range expansion—and
measured stressor-induced CORT, hippocampal BDNF, DNMT1 and DNMT3a expression.
Given the potential importance of neural plasticity and epigenetic potential for coping with novel
challenges, I hypothesized that BDNF and DNMT expression would be highest at the range-edge,
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while positive covariation would occur between CORT, BDNF and/or DNMT expression within
individuals. I found that intermediate levels of CORT resulted in the highest BDNF expression
within individuals, suggesting that interactions between CORT and BDNF are likely important
for balancing homeostatic and progressive (e.g. cognitive) changes within the hippocampus in
response to environmental challenges. I also found that CORT positively covaried with DNMT1
expression in one, but not both, range-edge populations, while the reverse was true at the rangecore. These findings suggest that in newly established population, CORT may promote
epigenetic potential, allowing for rapid and fine-tuned organism-wide responses to novel
stressors, while at the range-core, where stressors are presumably less novel, CORT may inhibit
epigenetic potential as a means of diverting resources away from cognitive processes and
towards maintaining homeostasis.
Altogether, my dissertation has demonstrated how inherently plastic sub-organismal level
traits (i.e. molecular, physiological, and neurological) may interact and contribute to range
expansion success in an introduced bird. Specifically, my research has not only shown that
epigenetic variation can influence an ecologically-relevant trait, but also that variation in the
regulatory potential of epigenetic mechanisms can be mediated by intrinsic and extrinsic factors.
These studies have expanded our understanding about how epigenetic mechanisms act as
regulatory mediators of plasticity at the molecular level and can influence (and be influenced by)
variation at multiple phenotypic levels, with implications for whole-organism performance in
natural populations. I hope that my work contributes to the field of ecological epigenetics by
providing the framework for epigenetic potential as an additional tool for assessing how
epigenetic processes contribute to phenotypic outcomes in the face of rapid environmental
change.
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CHAPTER I:
EPIGENETIC POTENTIAL AS A MECHANISM OF PHENOTYPIC PLASTICITY IN
VERTEBRATE RANGE EXPANSIONS

Note to Reader:
This is a pre-copyedited, author-produced version of an article accepted for publication in
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plasticity in vertebrate range expansions. Integrative and Comparative Biology 57(2): 385-395,
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Abstract
During range expansions, organisms are often exposed to multiple pressures, including
novel enemies (i.e., predators, competitors and/or parasites) and unfamiliar or limited resources.
Additionally, small propagule sizes at range edges can result in genetic founder effects and
bottlenecks, which can affect phenotypic diversity and thus selection. Despite these obstacles,
individuals in expanding populations often thrive at the periphery of a range, and this success
may be mediated by phenotypic plasticity. Increasing evidence suggests that epigenetic
mechanisms may underlie such plasticity because they allow for more rapid phenotypic
responses to novel environments than are possible via the accumulation of genetic variation.
Here, we review how molecular epigenetic mechanisms could facilitate plasticity in rangeexpanding organisms, emphasizing the roles of DNA methylation and other epigenetic marks in
the physiological regulatory networks (PRNs) that drive whole-organism performance. We focus
on the hypothalamic-pituitary-adrenal (HPA) axis, arguing that epigenetically-mediated
plasticity in the regulation of glucocorticoids in particular might strongly impact range
expansions. We hypothesize that novel environments release and/or select for epigenetic
potential in HPA variation and hence organismal performance and ultimately fitness.

Main Text
Introduction
Environments are changing rapidly, in large part due to human activity, and it is
becoming increasingly important to determine how organisms will respond (Ghalambor et al.
2007). One particularly important aspect of anthropogenic environmental change is the alteration
of the geographical distributions of species. With increased urbanization and massive increases
2

in global commerce, many individuals and populations are experiencing pressure to either
change their native ranges or survive in novel areas (Parmesan and Yohe 2003). During such
range expansions, organisms are often exposed to multiple pressures, including novel enemies
(i.e. predators, competitors and/or parasites) and unfamiliar or limited resources (Wingfield et al.
2015; Martin et al. 2015). Small propagule sizes at range-edges can also result in genetic founder
effects and bottlenecks, which can affect phenotypic diversity and thus selection outcomes
(Perez et al. 2006). Despite these obstacles, individuals in expanding populations often thrive at
the periphery of a range, exhibiting extensive phenotypic differentiation from individuals near
the range-core, a phenomenon called a genetic paradox (Perez et al. 2006). Given the low genetic
diversity of most range-edge populations, high phenotypic variation at the range-edge is likely
partially underlain by phenotypic plasticity (Richards et al. 2006; Ghalambor et al. 2007; Martin
and Liebl 2014). Phenotypic plasticity, including both irreversible (i.e. developmental
plasticity—West-Eberhard 2005) and reversible (i.e. phenotypic flexibility—Piersma and Drent
2003) forms, is likely to be common at range-edges because it allows for more rapid responses to
novel environmental challenges than would be possible via genetic adaptation (Pigliucci 2001;
Wright et al. 2010; Forsman 2014). Moreover, several studies from the plant literature suggest
that epigenetic mechanisms may underlie plastic responses to novel environments (Bossdorf et
al. 2008; Angers et al. 2010; Bossdorf et al. 2010; Nicotra et al. 2010; Richards et al. 2012;
Zhang et al. 2013a), however, similar studies in vertebrates remain scarce.
Here, we review how molecular epigenetic mechanisms could be driving plasticity in
range expansions, emphasizing the roles of DNA methylation and other epigenetic marks in the
physiological regulatory networks (PRNs) that drive whole-organism performance (Cohen et al.
2012; Martin and Cohen 2014; Martin et al. 2015b). As an example, we focus on the
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hypothalamic-pituitary-adrenal (HPA) axis, arguing that epigenetically-mediated plasticity in the
regulation of glucocorticoids (GCs) might strongly impact the outcomes of range expansions.
We hypothesize that novel environments release and/or select epigenetic potential;
genotypes/species with a greater disposition to regulate performance adaptively via
epigenetically mediated changes in GC regulation are apt to be those comprising most new
populations. Below, we first provide evidence that GCs are involved in current and ongoing
changes in the distributions of species. We then introduce then discuss the novel concept of
epigenetic potential, and review evidence for how GCs might be regulated by (and even regulate)
epigenetic potential. We close by offering a few promising options for future research.
GC regulation and range expansions
Maintenance of homeostasis is crucial for survival (Wingfield 2013; Romero et al. 2009),
particularly at range-edges where individuals encounter novel challenges with which they have
little to no evolutionary history (Liebl and Martin 2012). In vertebrates, endurance of and
recovery from stressors (including novel ones) involve the coordinated regulation of
glucocorticoids (GCs) by the hypothalamic-pituitary-adrenal (HPA) axis (Wingfield 2013;
Romero et al. 2009). Encounters with stressors typically result in a rapid increase in circulating
GCs, which promote short-term survival via coordination of a broad range of physiological and
behavioral responses (Addis et al. 2011). Stressor-induced GCs, in particular, play a pivotal role
in integrating sub-organismal processes to match individual physiology and behavior to threats
and opportunities in the environment (Martin et al. 2011; Lema and Kitano 2013; Martin et al.
2016a; Taff and Vitousek 2016).
Several studies also support GCs as physiological mediators of vertebrate range
expansions, particularly birds. For example, in a study comparing GC responses among
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subspecies of white crowned sparrow (Zonotrichia leucophrys), populations at the range-edge
(and a higher altitude) had significantly higher baseline and stress-induced levels of the avian
GC, corticosterone (CORT), than populations near the range-core (i.e. lower altitude) (Addis et
al. 2011). Moreover, several studies investigating the ongoing and recent range expansion of the
introduced house sparrow (Passer domesticus) across Kenya (Liebl and Martin 2012; Martin et
al. 2013) and Senegal (Martin et al. 2017) found that individuals at the range-edge secreted more
CORT in response to an acute stressor (Liebl and Martin 2012; Martin et al. 2013). In Kenya,
range-edge birds also expressed different levels of GC receptors (i.e. mineralocorticoid
receptor—MR and glucocorticoid receptor—GR) (Liebl and Martin 2013) in hippocampi
compared to individuals residing near the site of introduction.
Whereas these studies are among the first to implicate GC regulation as important to
range expansion success, the extent to which these patterns are underlain exclusively by
plasticity remains unclear (Nussey et al. 2007; Martin and Liebl 2014). Selection for particular
genotypes is also tenable, particularly because aspects of the HPA are heritable in vertebrates
(Wust et al. 2004), which may help explain consistent differences among individuals in GC
regulation. However, regulatory plasticity within the HPA-axis (or the capacity to alter GC
regulation across time or context) is likely to be of particular importance at range-edges (Martin
and Liebl 2014), especially for populations currently undergoing range expansion. The HPA axis
is inherently plastic, as a critical mediator of organismal homeostasis. Further, plasticity can
manifest much more rapidly than genetic variation, especially in the case of the oftentimes-small
population sizes that occur at range-edges (Ghalambor et al. 2007). For example, evolutionarily
unfamiliar stressors (e.g., novel foods, predators, or pathogens) may elicit a sub-optimal GC
response (under- or over-exuberance) at range-edges, yet high HPA plasticity may allow
5

individuals to fine-tune their responses to the environment contingent on risk and experience.
Moreover, because GCs affect learning and memory (Sweatt 2009), plasticity in HPA regulation
may underlie plasticity in behaviors important for fitness in novel environments (e.g. vigilance,
exploration, aggression).
Epigenetically-mediated variation within the HPA-axis
The regulation of GCs by the HPA axis is complex, involving multiple pathways, cells,
and tissues at which variation can occur (Lema and Kitano 2013). Variation in any one element
can affect the capacity of individuals to coordinate crucial physiological and/or behavioral
responses (Lema and Kitano 2013; Martin and Liebl 2014). There is increasing evidence that GC
regulatory plasticity is partially mediated by environmentally-induced epigenetic variation. DNA
methylation, histone modification and other processes can affect nearly every component of the
HPA axis (Figure 1.1; Supplementary Table A1). The hypothalamus plays an especially crucial
role in HPA activity; it transduces sensory information (e.g. the perception of a stressor arising
from the amygdala or prefrontal cortex) into a physiological response (e.g. initiation of a stress
response) (Smith and Vale 2006). Activation of the HPA axis involves the release of
corticotropin-releasing factor (CRF) and arginine vasopressin (AVP) from the hypothalamus,
both of which are required for the stimulation/secretion of adrenocorticotrophic hormone
(ACTH) from the anterior pituitary and subsequent synthesis and release of GCs from the
adrenal cortex (Smith and Vale 2006). As emphasized in Fig. 1.1, epigenetic variation resulting
in differences in either CRF or AVP expression could have substantial consequences for the
regulation of downstream physiological and/or behavioral responses to stressors. In rodents,
several studies have found that exposure of mothers to stressors during gestation or postnatal
periods resulted in hypomethylation of hypothalamic CRF (Mueller and Bale 2008; Chen et al.
6

2012) and AVP promoters (Murgatroyd et al. 2009); both changes were associated with HPA
hyperactivity and altered behavior when pups reached adulthood. There is also evidence for
epigenetic regulation of enzymes involved in steroidogenesis (Martinez-Arguelles and
Papadopoulos 2010). However, direct evidence for environmentally-induced modulation of such
regulation, as was the case for maternal adversity and CRF/AVP expression, is lacking.
Upon release of GCs from the adrenals, the pervasive physiological and behavioral
actions of GCs are largely dependent upon sensitivity of target tissues (Sapolsky et al. 2000;
Martin et al. 2016a), namely glucocorticoid (GR) and mineralocorticoid (MR) receptor
expression. Most available evidence for epigenetic modulation of HPA plasticity pertains to
epigenetic modifications to GR (Weaver et al. 2004; Zhang et al. 2013b). Such effects are not
altogether surprising considering the pivotal role of GR in coordinating physiological/behavioral
responses to stressors and the resolution of stress responses (Sapolsky et al. 2000). For example,
in rats, maternal dietary protein restriction resulted in hypomethylation of the hepatic GR
promoter and a metabolic phenotype characterized by increased capacity for gluconeogenesis in
offspring once they reached adulthood (Lillycrop et al. 2007). Within the hippocampus, the
major site of GC negative feedback (i.e., the process by which release of GCs is ultimately
reduced), numerous studies have found evidence for epigenetic regulation of GR. Among the
most well-known examples, Liu et al. (1997) and Weaver et al. (2004) linked the impacts of
maternal care and offspring behavior to epigenetic programming of the HPA axis of offspring. In
rats, high maternal care (e.g. licking and grooming) within the first week of life was associated
with long-term hypomethylation within the hippocampal GR promoter, reduced plasma ACTH
and CORT release in response to a restraint stressor, enhanced negative feedback sensitivity,
decreased hypothalamic expression of CRF, and reduced anxiety-like behavior (Liu et al. 1997;
7

Weaver et al. 2004). Taken together, these studies reveal that not only can the environment cause
stable alterations in GC regulation via developmentally-induced epigenetic modifications, but
they also indicate that such changes can influence the capacity for HPA flexibility and thus the
extent to which GCs might affect phenotypes later in life.
Defining epigenetic potential
We define epigenetic potential as the capacity for environmentally-induced phenotypic
change (i.e. plasticity) via epigenetic modifications to relevant genomic elements. The concept of
epigenetic potential is relevant to many physiological pathways, but here we focus on epigenetic
potential in the HPA axis because of its potentially important role in persistence at range-edges.
An important aspect epigenetic potential is that it conveys well that promoter methylation and
other particular forms of epigenetic variation set the boundaries within which HPA
plasticity/flexibility can fluctuate. Epigenetic potential thus captures that fact that some
epigenetic factors can capacitate latent physiological flexibility much as heat-shock proteins
capacitate the actions of many genes (Rutherford et al. 2007). We argue below in detail that such
latent plasticity (i.e., plasticity only manifested under specific environmental conditions)
probably plays a powerful role in the fine-tuning of organismal-wide phenotypic responses to
various environments, including those experienced by organisms moving into previously
unoccupied areas. Variation in epigenetic potential can be underlain by genetic and/or
environmental variation. Similar to the types of epigenetic variation described by Richards
(2006), we argue that variation in epigenetic potential can range along a gradient from complete
dependence on genetic variation (e.g. obligatory, Type 1), semi-dependence on genetic variation
(e.g. facilitated, Type 2), or independent of genetic variation (e.g. pure, Type 3). Below, we
provide examples from the literature to demonstrate several ways in which variation in
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epigenetic potential may arise and discuss their relevance for facilitating success in novel
environments.
Genetically, epigenetic potential could be encoded (among other places) via sequence
variation in (i) the exons of genes encoding enzymes that establish and maintain epigenetic
marks, or (ii) regulatory regions (e.g., promoters, enhancers) of the genome. First, organisms
require the coordinated efforts of several enzymes to establish, maintain and/or remove
epigenetic marks from the genome as cells differentiate and organisms develop. Among the most
commonly studied of these enzymes are the DNA methyltransferases (DNMTs), which catalyze
the transfer of a methyl group to specific sites on DNA (Morris and Monteggia 2014). In
vertebrates, the three main DNMTs are DNMT1, which primarily acts as a housekeeper to
maintain methylation patterns through mitosis (but see Fatemi et al. 2002 for evidence of de novo
methyltransferase capacity), and DNMT3a and DNMT3b, which are considered de novo DNA
methyltransferases, capable of establishing methylation marks on previously unmethylated
regions (Morris and Monteggia 2014). Given the importance of DNMTs as the molecular editors
of the genomic blueprint, genetic variation within the genes encoding these enzymes can lead to
functional variation in their catalytic activity (Potter et al. 2013; Bjornsson 2015). In humans, for
instance, genetic variation in DNMT3b was not only associated with altered DNA methylation
patterns across 700 genes, but also with changes in function of several epigenetic enzymes
involved in histone modification (Jin et al. 2008).
A second form of genetic variation in epigenetic potential includes variation within
regulatory regions of the genome. In vertebrates, DNA methylation typically occurs at cytosines
in the context of CpG dinucleotides (Schrey et al. 2013; Kilvitis et al. 2014). Such variation is
quite common; within the human genome, there are >200,000 CpG single nucleotide
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polymorphisms (i.e. CpG-SNPs) (Shoemaker et al. 2010). Within regulatory regions (e.g., gene
promoters, enhancers), the presence or absence of CpG sites would alter the substrate upon
which epigenetic variation could occur. For example, CpG-SNPs within regulatory regions,
particularly at transcription factor binding sites, can disrupt the binding capacity of transcription
machinery (Zhi et al. 2013; Lemire et al. 2015) and thus alter gene expression. In a study by Zhi
et al. (2013), >80% of CpG-SNPs surveyed from human T-cells were methylation quantitative
trait loci (meQTL), and these SNPs accounted for nearly two-thirds of the strongest meQTL
signals within T-cells. There is increasing evidence to suggest that not only do CpG-SNPs affect
the potential for methylation at that particular CpG site, they also can influence methylation
distal (trans) to CpG sites (Zhi et al. 2013; Lemire et al. 2015). Many naturally-occurring
DNMTs and CpG-SNPs (and more complex genetic forms of epigenetic potential) could await
discovery.
In addition to the above forms of epigenetic potential, akin to Type 1 epigenetic variation
sensu Richards (2006), epigenetic potential is likely responsive to the environment. Most such
forms of epigenetic potential will arise in early life, when cells have differentiated little and thus
the phenotype has the greatest potential to be canalized into various forms (West-Eberhard 2003;
Martin et al. 2011). Such critical periods of development are widespread (West-Eberhard 2003),
and increasing evidence suggests that early-life experiences might enduringly alter epigenetic
potential (Richards 2006). For example, prenatal or postnatal exposure to certain environmental
toxicants has enduring, stable effects on the expression of several epigenetic regulatory proteins
(Kundakovic et al. 2013; Schneider and Anderson 2013). In rats, dietary exposure to lead (Pb)
during the prenatal and postnatal periods was associated with altered hippocampal protein
expression of DNMT1, DNMT3a and methyl-cytosine binding protein 2 (MeCP2) (Schneider
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and Anderson 2013), a protein that specifically binds to methylated DNA and recruits histone
deacetylases (HDACs) to repress gene transcription (Jones et al. 1998). Moreover, prenatal rats
exposed to environmentally-relevant doses of bisphenol A (BPA) had differential mRNA
expression of DNMT1 and DNMT3a in the prefrontal cortex, hypothalamus and hippocampus
(Kundakovic et al. 2013). Interestingly, both of these studies found sex-specific and dosedependent differences in the directionality of responses (i.e., up- or down-regulation), suggesting
that the developmental programming of epigenetic potential can be fine-tuned contingent on sex
as well as individual experience. In this way, variation in maternal exposure to toxicants can lead
to the stable inhibition (e.g. via reduced expression of DNMTs) or enhancement (e.g. via
increased expression of DNMTs) of epigenetic potential in her adult offspring.
Maternal-offspring interactions can also have lasting effects on epigenetic potential. For
example, low maternal licking and grooming within the first week of life in rats was linked to
increased hippocampal expression of DNMT1 in offspring in adulthood (Zhang et al. 2010).
Maternal separation during the perinatal period in rats was also associated with promoter
hypermethylation and reduced expression of MeCP2 in the germ cells of male F1 offspring
(Franklin et al. 2010). Furthermore, when investigating the transmissibility of these epigenetic
marks across generations, the authors found that MeCP2 methylation and expression were
maintained in the germ cells of F2 males and the brain (cortex) of female F2 progeny (Franklin
et al. 2010). While transgenerational epigenetic inheritance cannot be inferred without screening
the epigenetic profiles of the male F3 generation (Skinner 2008; Skinner et al. 2010), studies
such as this one, demonstrating multigenerational inheritance of epigenetic marks, suggest the
exciting possibility of enduring, yet non-genetic, inheritance of epigenetic potential (Weaver et
al. 2004).
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Beyond occurrences in development, variation in epigenetic potential can also be
influenced in adulthood by environmental factors. One of the best-studied examples entails
modulation of the epigenome through diet. S-Adenosylmethionine (SAM) is the universal
methyl-donor for histone and DNA methyltransferases, and its synthesis in the methionine cycle
is facilitated by several dietary precursors (e.g., folate, methionine, choline, betaine, vitamins B2,
B6 and B12) (Zhang 2015). For example, vitamins B2, B6 and B12 are key cofactors required for
the synthesis of methionine, a direct precursor of SAM (Zhang 2015). Thus, dietary deficiencies
of methyl-donors directly influence the net synthesis of SAM, which has been associated with
global DNA hypomethylation in rodents (Zhang 2015). In addition to regulating intracellular
SAM, several dietary compounds can directly affect DNMT activity. For example, tea
polyphenols (e.g., catechin) and genestein (found in soybeans) inhibit human DNMT1 activity
(Zhang 2015; Fang et al. 2007). Moreover in humans, folic acid deficiency resulted in a ~50%
decrease in DNMT1 expression and a concomitant 80% increase in DNMT3a expression in
certain colorectal cancer cell lines (Farias et al. 2015). These studies strongly suggest that
variation in the consumption of certain diet items could have profound effects on epigenetic
potential, either via the modulation of methyl-donor bioavailability or the regulation of DNMT
activity. Of course, diet is among the most likely factors to vary as organisms colonize new areas
(Liebl and Martin 2014), implicating diet as a major factor whereby epigenetic potential
mediates the outcomes of range expansions. Moreover, diet might represent a key environmental
factor that could instigate a purely environmental, yet heritable, form of epigenetic potential
mentioned earlier (Type 3, Richards 2006).
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GCs, PRNs and epigenetic potential in range expansions
As discussed above, GCs play an important role in mediating organismal performance
due to their ability to coordinate diverse physiological and/or behavioral processes (Martin et al.
2011; Cohen et al. 2012; Martin and Cohen 2014; Martin et al. 2015b). Because of their capacity
to influence multiple levels and aspects of organismal phenotype, GCs (along with other
molecules) have been referred to as integrators (Martin et al. 2011; Cohen et al. 2012; Martin and
Cohen 2014). Within the context physiological regulatory networks (PRNs), a framework
recently proposed to represent whole-organism regulatory networks that link genetic and
phenotypic variation (Martin et al. 2011; Cohen et al. 2012), GCs and their respective regulatory
components (Fig. 1.1) resemble ‘hubs’, or ‘central nodes’, with higher than average connectivity
with other nodes in PRNs including hubs of other subnetworks, such as those involved in
immune function or energy metabolism (Cohen et al. 2012; Martin and Cohen 2014). This
portrayal of the HPA is similar to the portrayal of master regulatory genes within gene regulatory
networks, and ‘date hubs’ for key proteins within protein-protein interaction networks (Wagner
et al. 2007). PRN connectivity, then, represents the regulatory relationships among the HPA and
other physiological nodes (Cohen et al. 2012; Martin and Cohen 2014); what sets apart date
hubs, master regulatory genes, and physiological integrators is that links between these particular
molecules and other nodes are exceptionally high. Whereas there are important differences
between the roles of date hubs and integrators (e.g., the functions of one are predominantly intracellular whereas the other is organismal), such differences are beyond the scope of the focus of
the paper, epigenetic potential. Nevertheless, we believe that consideration of HPA elements as
integrators within PRNs can help us understand how individual variation at the genetic/molecular
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level (including epigenetic potential) mediates variation at the whole-organism level, which we
elucidate below.
PRNs and integrators therein have important properties that can affect epigenetic
potential. First, PRNs have structure such that the configuration of PRN components and/or the
strength/organization of these regulatory relationships vary among species, populations, and
genotypes (Cohen et al. 2012). In other words, connectivity and other PRN traits vary contingent
on evolutionary relatedness; closely related species should have similar PRNs and related
genotypes should differ minimally in terms of various states that PRNs can take. Indeed for all
genotypes, PRN structures are comprised of many states that are plastic in the sense of contextspecific changes in network architecture (Cohen et al. 2012; Martin and Cohen 2014). As
depicted in Figure 1.2, we expect that epigenetic potential reveals and masks various PRN states,
with concomitant changes in PRN connectivity and other networks traits underlying phenotypic
adjustments in response to environmental factors. For range expansions in particular, shifts in
PRN state (i.e. PRN plasticity; Martin et al. 2015b) should be more important than changes in
PRN structure, as such shifts would allow genotypes to adjust more quickly to novel conditions
than genetic mutations. Although this hypothesis has not yet been tested empirically, epigenetic
mechanisms can alter GC regulation (and hence PRN state) in many ways (Fig. 1.1).
Consider a hypothetical example in which a newly established range-edge population is
comprised of genotypes that vary in epigenetic potential (Fig. 1.2). At birth, variation in
epigenetic potential among genotypes could unmask PRN states, altering the capacity for HPA
regulatory flexibility throughout life. In other words, genetic variation in epigenetic potential
could dictate the upper and/or lower limits of an individual’s homeostatic range/reactive scope
(Romero et al. 2009); epigenetic potential probably titrates HPA plasticity based on
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developmental experience. For example, in genotypes with low epigenetic potential (G3; Fig.
1.2), connectivity among HPA nodes and other PRN nodes would be limited, constraining HPA
flexibility in response to an early life stressor. In contrast, for genotypes with modest (G2; Fig.
1.2) or high epigenetic potential (G1; Fig. 1.2), epigenetically-mediated alterations to PRN state
could allow PRNs to recruit and/or eliminate linkages with other subnetworks and nodes. In
individuals with modest epigenetic potential (G2), exposure to an early life stressor might alter
PRN state (i.e., connectivity; Fig. 1.2) modestly, and ultimately canalize edges among PRN
nodes. For some genotypes (G1), however, exposure to the same early life stressor would only
transiently alter PRN states, allowing for reversibility in PRN states, and thus greater HPA
flexibility throughout life. In adulthood, for genotypes with low epigenetic potential, HPA
plasticity would remain modest, here depicted as the inability to alter the PRN adequately in
response to novel stressors (e.g. homeostatic failure—Romero et al. 2009). For genotypes with
modest epigenetic potential, individuals might be unable to down-regulate GCs rapidly, because
of a lack of reversibility, resulting in chronic stress (e.g. homeostatic overload—Romero et al.
2009).
In regards to high epigenetic potential, it is premature and likely untrue, in some cases,
that such genotypes will always be at an advantage. First, high epigenetic potential, and thus
greater HPA plasticity might be adaptive at range-edges at some stages of expansion. However,
there is increasing evidence that the costs of plasticity could lead to dominance by genotypes
with more modest epigenetic potential over time (Ghalambor et al. 2007; Huang et al. 2015).
One hypothesis proposed by Huang et al. (2015) suggests that the presence or absence of
stressors at the range-edge can influence the costs/benefits of plasticity, and thus the extent to
which such plasticity is adaptive or maladaptive. For instance, exposure to novel stressors, such
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as novel enemies, may increase the costs and reduce the benefits of plasticity (via reallocation of
resources towards defense), resulting in plasticity that is maladaptive (Huang et al. 2015).
Alternatively, relief from stress (e.g. via natural enemy release) may reduce the costs and
increase the benefits of plasticity, in which case plasticity would be adaptive (Huang et al. 2015).
While there are no data as of yet on the costs and benefits of epigenetic potential in range
expansions, we acknowledge the value of such research and particularly its evolutionary insight.
A second reason to be cautious about what forms of epigenetic potential will endure at
range-edges involves the purely environmental forms of epigenetic potential (Type 3 variation
sensu Richards 2006) mentioned above. Diet, novel pathogen exposure, or other experiences
unique to range-edges might commonly lead to forms of plasticity that become increasingly
maladaptive as populations become established (Richards 2006; Ledon-Rettig et al. 2013). What
food parents consume or what infections they experience are apt to change over time; if such
epigenetic marks are enduringly passed across generations, offspring would suffer as they would
manifest phenotypes inappropriate for current conditions. Similar outcomes could occur too for
Type 2 forms of epigenetic potential (i.e., G x E), particularly because there are typically more
ways to produce non-functional phenotypes than there are to produce functional ones.
Future directions
Above we argued that epigenetic potential and its mediation of phenotypic plasticity via
alterations to PRN states affect vertebrate range expansion success. Whereas some aspects of the
concept of epigenetic potential have been alluded to previously (a Web of Science search for
“epigenetic potential” on March 8, 2017 returned 17 hits), to our knowledge, this paper is among
the first to define the term explicitly in regards to its genetic underpinnings, its physiological
functions, and its prospective ecological and evolutionary consequences. Given the infancy of
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epigenetic potential as a concept, we use the remainder of our paper to highlight some promising
avenues for future research.
In Fig. 1.1, our primary goal was to reveal where in the HPA axis the most epigenetic
variation is known to occur (Fig. 1.1). This figure thus depicts but a small part of the epigenetic
potential we discussed earlier. However, it is does draw attention to the parts of the HPA that so
far seem to harbor some epigenetic potential. A Web of Science search (conducted in December
2016, see Supplementary Table A1 for search terms) revealed substantial epigenetic modulation
throughout the HPA. Particular HPA aspects, though, were disproportionally more likely than
others to be altered by epigenetic mechanisms (Fig. 1.1; Supplementary Table A1). To try to
account for possible biases in research effort that might affect the number of epigenetic marks
described for each HPA aspect, we quantified the number of studies reporting epigenetic effects
within a particular HPA component and adjusted that count by the total number of published
primary research studies on that particular HPA component. In Fig. 1.1 and Supplementary Table
A1, we report this ratio. Although most available data came from laboratory rodents, which are
not the most evolutionarily-relevant organisms, four of the top five HPA components most likely
to be epigenetically regulated were receptors. The only non-receptor component was the gene
encoding steroidogenic acute regulatory protein (StAR or STARD1). StAR is the rate-limiting
step in the synthesis of most major steroid hormones, including GCs (Christenson and Strauss
2001). Among the top four receptors, rankings (highest to lowest) were as follows: CRH receptor
2 (CRHR2), CRH receptor 1 (CRHR1), ACTH receptor (ACTHR or MCR2), and glucocorticoid
receptor (GR).
These results suggest that epigenetic potential for HPA regulatory plasticity might be
most extensive for receptors. In a sense, this outcome is unsurprising given that receptors are
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particularly important for the initiation of the stress response, distal actions at target tissues, and
negative feedback. We also note that the evidence for epigenetic regulation was highest among
all factors we considered for glucocorticoid response elements (GREs). We chose to exclude
GREs from the rankings in the table, however, because they occur across the genome, are harder
to enumerate, and thus hard to compare to our other estimates. Overall, given the rarity of studies
for some HPA components, we are reluctant to conclude that our crude estimates capture
epigenetic potential in the HPA. Nonetheless, we hope it motivates other, more direct, efforts to
measure epigenetic potential. Loci with high epigenetic potential could be particularly important
targets for environmental modulation of organismal-wide plasticity and selection.
A second critical research venture involving epigenetic potential and the HPA would
evaluate directly the value of the PRN construct. For instance, using transcriptomic approaches,
one could determine: (i) how HPA manipulations influence variation or plasticity in relevant
phenotypic traits; (ii) the extent to which observed phenotypic integration/de-integration is
associated with changes in PRN traits; and (iii) whether PRN plasticity via manipulation of GC
synthesis or negative feedback is associated with epigenetic variation. An alternative approach
would be to administer drugs, such as 5-aza-2’-deoxycytidine or trichostatin A (e.g., Weaver et
al. 2004; 2006), or to manipulate dietary intake of methyl-donors (e.g., Waterland and Jirtle
2004), both of which alter epigenetic marks. Again, the use of transcriptomic tools could reveal
whether such manipulations influences GC regulatory plasticity and if so, how this plasticity is
associated with PRN states (Martin et al. 2011; Cohen et al. 2012; Martin and Cohen 2014).
Lastly, it will be useful to identify additional factors that contribute to variation in
epigenetic potential. Whereas we focused primarily on how epigenetic potential acts as a source
of HPA regulatory plasticity, there is some evidence that GCs can influence epigenetic potential.
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For example, dexamethasone (DEX) treatment reduced (human) natural killer (NK) cell cytokine
expression in a dose-dependent manner, and was associated with increased cytokine promoterspecific histone deacetylation. Further, these DEX effects were reversible upon treatment with
the histone deacetylase inhibitor, trichostatin A (Krukowski et al. 2011). In another study on rats,
prenatal exposure to lipopolysaccharide (LPS), an immunogenic component of Gram-negative
bacterial cell walls, had enduring effects on DNMT1 and DNMT3b expression within the adrenal
cortex (Wang et al. 2017).
Conclusions
Given increases in the occurrence of natural and especially anthropogenically-mediated
species’ range shifts, it is becoming increasingly important to understand the mechanisms that
facilitate whole-organism performance and thus range expansions. Here, we highlighted
molecular epigenetic potential in the HPA as a plausibly important form of genotype x
environment (GxE) (and potentially individual x environment (IxE) (Nussey et al. 2007))
interaction. Epigenetic potential—particularly when physiological integrators are involved—
allows not only for rapid phenotypic adjustments in response to salient environmental cues, but
also may act as an additional source of variation for overcoming genetic paradoxes. We therefore
believe that epigenetic potential in HPA plasticity warrants extensive investigation in various
native and non-native range expansions as well as other contexts in which populations are being
forced to adjust to rapid environmental change.
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Figures

Figure 1.1: Epigenetic regulation in the hypothalamic-adrenal-pituitary (HPA) axis. The
regulation of GCs by the HPA-axis is a complex process in which epigenetic mechanisms have
the potential to influence multiple steps, from the upstream processes involved in initiating GC
synthesis to the downstream actions of GCs on target tissues. A Web of Science search was
conducted in December 2016 in order to reveal the components of the HPA-axis in which
epigenetic variation have been observed and where epigenetic regulation most likely to occur.
Each component of the HPA-axis was queried using search terms “epigenetic” and “component
name” or “component abbreviation” or “associated gene” (for exact search terms see
Supplementary Table A1). After filtering out document types besides peer-reviewed primary
articles, studies were then sorted into categories based on content. Review or non-relevant papers
were notated, as were studies that investigated epigenetic marks but found no significant patterns
or relevance to functionality (i.e., gene expression, effects on behavior, etc.). Articles that
reported functional impacts of epigenetic marks were categorized by mechanism (DNA
methylation, histone modification, or other). Numbers in yellow burst-symbols denote epigenetic
regulation within each HPA component, which is calculated as: (the number of papers with
evidence of functional epigenetic regulation / the total number of papers investigating that
particular HPA component) x 100 (See Supplementary Table A1 for additional information).
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Figure 1.2. Epigenetic potential as a mediator of PRN plasticity, and hence, range
expansion success. In a hypothetical, newly established range-edge population, individuals
(genotypes, G1-3) will vary in PRN state (due to plasticity) and structure (due to genes or
enduring epigenetic marks) (e.g., connectivity). Some PRN structures (G3) have limited capacity
for engaging in and stopping cross-talk (plasticity mediated via connectivity; lines among
circles) between PRN hubs (e.g., aspects of the HPA-axis—red circles) and other subnetworks
(blue circles) and hubs. However, other individuals (G1) have high epigenetic potential and
hence a strong propensity for plasticity in PRN states including reversibility (dashed lines). Such
genetic variation in epigenetic potential could influence organismal responses to stressors via the
impacts of epigenetic marks on HPA regulatory plasticity (e.g. individual variation in
homeostatic range/reactive scope—Romero 2009). However, some such variation probably is
unmasked via developmental plasticity such as by exposure to an early-life stressor (left
lightning bolt; early-life experience). In these cases, connectivity among PRN components in
genotypes with low epigenetic potential may remain unchanged (G3). In contrast, the PRN state
of genotypes with modest or high epigenetic potential (G1 and 2) would be capable of
responding plastically to the early-life stressor to varying degrees (formation of new lines
between circles). In individuals with modest epigenetic potential, early-life stressors might alter
PRN connectivity similarly to individuals with high epigenetic potential, however, low
expression of genes encoding epigenetic modifying enzymes and/or dietary restriction of methyldonors could stabilize connectivity within PRNs (i.e. solid black lines), at least compared
genotypes with high epigenetic potential here facilitating reversibility in connectivity (i.e. dashed
black lines). Contingent on further experience, environmental alterations to epigenetic potential
(via diet or exposure other stressors—right lightning bolt) might further modify PRN state. Here,
low epigenetic potential in G3 and the resultant limitations to PRN plasticity could result in
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under-exuberant responses of the HPA-axis to novel stressors (e.g. homeostatic failure; red lower
dashed line—Romero et al. 2009) whereas modest epigenetic potential for G2 might underlie
over-exuberant responses to stressors (e.g. homeostatic overload; red upper dashed line—
Romero et al. 2009). For G1, high epigenetic potential might maximize phenotypic integration
and de-integration (as stressors arise and subside or are surmounted/avoided) via the reversibility
of edge formation among PRN subnetworks.
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Abstract
Populations undergoing range expansions are often faced with strong selective pressures,
and to cope with such challenges, populations must either adapt quickly to local conditions or
exhibit sufficient phenotypic plasticity to overcome novel challenges. This latter option—
particularly plasticity mediated by molecular epigenetic mechanisms—allows for rapid
phenotypic adjustments and persistence in novel environments, and thus could be quite common.
Our previous research on house sparrows in Kenya—a site of ongoing range expansion for this
species—suggests that invasion success is facilitated by (i) differences in the expression of a

4

Author contributions: H.J.K., A.W.S. and L.B.M designed the study. H.J.K., A.W.S. and A.K.R. conducted
optimization and execution of bisulfite sequencing. H.J.K., A.B., and S.M.P. performed sequencing of the TLR4
promoter region and H.J.K. conducted qPCR for TLR4 expression. H.J.K., A.W.S., L.B.M. and S.M.P. conducted
data analysis and H.J.K. wrote the first draft of the manuscript. All authors contributed substantially to draft
revisions.
5
University of South Florida, Department of Integrative Biology, Tampa, FL 33620
6
Armstrong State University, Department of Biology, Savannah, GA 31419
7
University of Otago, Department of Zoology, Dunedin, NZ 9016
8
University of Texas at Austin, Department of Integrative Biology, Austin, TX 78712

33

microbial surveillance gene (i.e. TLR4), and (ii) extensive variation in genome-wide DNA
methylation among individuals. Here, our primary goal was to investigate whether these two
observations are related, asking whether DNA methylation within the putative promoter of TLR4
contributes to variation in TLR4 expression. We found that DNA methylation was quite variable
among individuals, and variation was a strong predictor of differences in TLR4 expression.
Moreover, we found genetic variation within the TLR4 promoter that may affect TLR4
expression. To our knowledge, ours is the first study to demonstrate an association between
DNA methylation and the expression of an ecologically relevant trait in the context of a rangeexpanding vertebrate.

Introduction
Range expansions provide unique opportunities to document how novel environments
shape phenotypic variation on microevolutionary scales (Lambrinos 2004; Ghalambor et al.
2007; Forsman 2014). During range expansions, populations are exposed to strong selective
pressures including novel enemies (i.e. predators, competitors and/or parasites) and unfamiliar or
limited resources (Chuang and Peterson 2016). Individuals can overcome these challenges when
their phenotypes are already pre-matched to local conditions, or they can exhibit sufficient
plasticity to accommodate novel challenges (West-Eberhard 2003; Duckworth and Badyaev
2007; Ghalambor et al. 2007). The former option, genetic adaptation, is often problematic in
expanding populations, as short time scales, extensive admixture through repeated introductions,
or founder effects at range-edges can affect rates of evolution (Allendorf and Lundquist 2003).
Yet, despite these challenges, individuals in introduced or expanding populations often thrive in
new areas and even exhibit marked phenotypic variation across their introduced ranges, resulting
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in a genetic paradox (Perez et al. 2006). Such an outcome may in part be underlain by variation
in phenotypic plasticity among individuals. Phenotypic plasticity is advantageous during range
expansions because it enables individuals to cope with various environmental challenges
including those with which populations have no or little evolutionary history (Ghalambor et al.
2007; Forsman 2014). Moreover, evidence is accumulating that molecular epigenetic
mechanisms, such as DNA methylation, often underlie plastic responses (reviewed in Schrey et
al. 2013a; Kilvitis et al. 2014). Despite the potential importance of DNA methylation as a driver
of such plasticity, few, if any, studies have investigated the role of molecular epigenetic
mechanisms in vertebrate range expansions.
House sparrows (Passer domesticus) are ideal for studying the role of DNA methylation
in range expansions, as they comprise a highly successful and ubiquitous introduced species
(Anderson 2006). One the most recent and ongoing range expansions of this species is in Kenya,
where house sparrows were introduced to Mombasa in the 1950s. Birds there have since
expanded northwestward toward the Ugandan border (Anderson 2006). The phenotypes of
Kenyan house sparrows are quite variable among populations (Liebl and Martin 2012; Martin et
al. 2014; Martin et al. 2015a). For example, distance from Mombasa (used as a proxy for
population age) was a significant predictor of variation in Toll-like receptor 4 (TLR4) expression
(Martin et al. 2014; Martin et al. 2015a); TLR4 is the major receptor for detecting Gram-negative
bacteria and hence a strong elicitor of inflammation. Specifically, circulating and splenic
leukocytes of individuals at the range-edge expressed more TLR4 than individuals residing near
the site of introduction (Martin et al. 2014; Martin et al. 2015a). In the present study, our primary
goal was to determine whether DNA methylation reflects TLR4 expression in Kenyan house
sparrows.
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We expected that DNA methylation and/or other epigenetic mechanisms are important
drivers of phenotypic variation within this species. Indeed, several studies suggest that it is
unlikely that genetic variation alone explains phenotypic variation and differences in gene
expression among populations (Schrey et al. 2011; Schrey et al. 2014). For instance, Kenyan
house sparrows have lower genetic diversity than native and introduced North American
populations (Schrey et al. 2011). Furthermore, the expansion of sparrows across Kenya was not a
simple wave expansion. All locations screened exhibited evidence of genetic admixture and
long-distance dispersal, likely mediated by humans, suggesting that the extensive phenotypic
differentiation observed among populations of different ages arises by some more complex
mechanism than simple selection (Schrey et al. 2014).
Another reason to expect epigenetic mechanisms to influence phenotypic variation
among houses sparrows is the recency of the range expansion. Based on microsatellite data, there
is evidence of population differentiation, but this is likely attributed to different proportions of
admixture among locations rather than differences generated in each location. Further, given the
little time that has passed and apparent extensive immigration/emigration, such factors would
impede differentiation of local populations via genetic adaptation. By contrast, alteration of DNA
methylation, by early-life experiences or other environmental influences, can have dramatic
effects on phenotypic differentiation on much shorter time scales (reviewed in Schrey et al.
2013a; Kilvitis et al. 2014). DNA methylation might therefore facilitate plasticity, allowing for
more rapid phenotypic adjustments to local conditions (Bossdorf et al. 2008; Angers et al. 2010;
Klironomos et al. 2013). Based on prior work, we know that DNA methylation is prevalent
among house sparrows, and moreover, variation in DNA methylation is greater in a more
recently introduced Kenya population compared to an older introduced North American
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population (Schrey et al. 2012). Among Kenyan populations, we previously observed high levels
of genome-wide variation in DNA methylation, as well as an inverse correlation between
epigenetic and genetic diversity, suggesting that methylation might compensate for low genetic
diversity at some Kenyan sites (Liebl et al. 2013). Whereas these studies were among the first to
identify variation in DNA methylation in a range expanding vertebrate, it is still unknown
whether such variation shapes the phenotypic traits that promote the success of the species at its
expanding range boundaries.
Here, we asked whether DNA methylation influences the expression of a gene associated
with invasion success in Kenyan house sparrows, TLR4. To test this hypothesis, we identified
and characterized a region of the putative TLR4 promoter in house sparrows. We then
investigated whether (i) variation in DNA methylation exists the within the TLR4 promoter and
(ii) if such variation predicts TLR4 expression. Because variation in gene expression can be
influenced by epigenetic, genetic and environmental factors (Angers et al. 2010), we also
explored how genetic variation within the TLR4 promoter and the site of capture of a bird along
the Kenyan range expansion were associated with TLR4 expression. To our knowledge, this is
the first study to assess simultaneously the effects of genetic and epigenetic variation on the
expression of a functional gene in a natural context.

Materials and Methods
Sample collection
We caught adult house sparrows (n = 61) in mist nets between February and May 2011
from five locations across Kenya, using distance from Mombasa (dfM) as a surrogate for
population age (Mombasa (dfM = 0km; n=12), Voi (dfM = 160km; n=12), Nairobi (dfM =
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500km; n=13), Nakuru (dfM = 650km; n=12) and Kakamega (dfM = 885km; n=12)). At capture,
sex, body mass (to 0.1 g), tarsus and wing chord length (to 1.0 mm) were recorded. Within 15
min of capture, birds were deeply anesthetized with isoflurane (Butler Animal Health Supply,
Dublin, OH) then euthanized by rapid decapitation. Within 10 min of euthanasia, livers (an
important tissue involved in immune function (Jenne and Kubes 2013) were removed using
RNAase-free surgical tools and stored in RNAlater (Qiagen, Venlo, Netherlands) at room
temperature for up to 3.5 months, then frozen at -40ºC until mRNA extraction once returned to
the US. The USF IACUC (W3877) and the Kenyan Ministry of Science and Technology
approved all procedures.
TLR4 expression
For all individuals, livers were weighed (to 0.01 g) and mRNA was extracted from 0.03 g
of tissue using a TRIzol/chloroform extraction method (Martin et al. 2015). Extracted samples
were then stored at -40ºC until quantitative PCR. mRNA concentrations and purity were
quantified using a spectrophotometer and standardized to 25-50 ng/µl prior to quantitative RTPCR. TLR4 expression was assessed via qPCR using the iTaq Universal SYBR Green One-Step
Kit (Bio-Rad Laboratories, Berkeley, CA) and 150 nM of each primer designed using the TLR4
sequence from zebra finch (Taeniopygia guttata) (NCBI accession number: EU779825.1; see
Table 2.1). A six-step standard curve (468, 166, 56, 18, 5 and 2 ng/µl) using mRNA extracted
from a homogenate of livers from house sparrows was used; nuclease-free water was used as a
negative control and all samples were run in duplicate. qPCR cycle conditions and melt curve
analysis were performed according to manufacturer’s instructions specified for the StepOne Plus
qPCR platform (Applied Biosystems, Waltham, MA).
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TLR4 promoter amplification and characterization
We took advantage of the sequenced zebra finch genome to design primers and optimize
the PCR amplification of the putative TLR4 promoter for house sparrows. PCR and sequencing
primers were designed from the Genbank zebra finch TLR4 locus sequence (NCBI accession
number: EU779825.1; see Table 2.2) using the program PerlPrimer (Marshall 2004). Our PCR
reactions (20 μL) were prepared using 1X GoTaq® Hot Start Polymerase buffer (Promega,
Madison, WI), 3.75 mM MgCl2, 0.5 μM each dNTP, 0.38 μM each primer, 0.5 U HotStart Taq
Polymerase and 1 μL diluted DNA. The amplifications of TLR4 locus were carried out on a
Veriti Thermal Cycler (Applied Biosystems) using the following profile: initial denaturation at
95°C for 2 min; 35 cycles at 94°C for 40 sec, annealing at 62°C for 40 sec and extension at 72°C
for 150 sec; and a final extension at 72 °C for 5 min. Amplicons from 10 zebra finches and one
house sparrow were visualized on 1% agarose gels. Then, products for which bands could be
detected were cleaned with Qiaquick PCR purification kits (Qiagen) according to the
manufacturer's protocols. Sequencing was then conducted on these cleaned samples at the
University of Texas at Austin Institute for Cellular and Molecular Biology (ICMB). The
resulting ABI Chromatograms were assembled using the ‘Map to Reference’ tool implemented
in Geneious v6.1 (Biomatters, Auckland, New Zealand) and aligned using MEGA 6 (Tamura et
al. 2013). The conservation between finch and sparrow sequences revealed that zebra finch
primers would likely be effective for house sparrow genomic DNA. Indeed, using zebra finch
primers, we were able to identify a ~500 bp region upstream of the TLR4 transcription start site
(TSS) that contains three CpG sites (i.e., 726 to 1228 nucleotides upstream), which is 98 bp
upstream of the TLR4 translation start site (ATG).
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TLR4 promoter methylation
We extracted genomic DNA from 0.03 g of liver tissue using a standard
phenol/chloroform/isoamyl alcohol DNA extraction protocol (Sambrook and Russell 2001). We
then used bisulfite sequencing to quantify DNA methylation in the putative TLR4 promoter.
Bisulfite conversions were performed on 500 ng µg-1 DNA using the EpiTect Bisulfite Kit
(Qiagen). We amplified ~500 bp region of the putative TLR4 promoter before and after bisulfite
conversion via traditional PCR using species specific primers designed using Methyl Primer
Express v1.0 (Thermo Fisher, Waltham, MA) (see Table 2.1). For all individuals (n=61), prebisulfite PCR was conducted on 25-50 ng of unconverted DNA using 2x PCR Master Mix
(Promega), 1 µl each (10uM) forward/reverse pre-bisulfite primers and nuclease-free water to a
final volume of 25 μl. Pre-bisulfite PCR cycling conditions included an initial denaturation step
of 95°C 2 min, followed by 95°C 30 sec, 57°C 30 sec, 72°C 1 min (35 cycles) and 72°C 5 min.
For a subset of individuals (n=40), an initial round of post-bisulfite PCR was conducted on 2 µl
of bisulfite converted DNA using EpiMark PCR reagents (New England Biolabs, Ipswich, MA),
2.5 mM each dNTPs, 0.625 µl each forward/reverse post-bisulfite primers (10µM) and nucleasefree water to a final volume of 25 µl. Cycling conditions for the first round of post-bisulfite PCR
included an initial denaturation step of 94°C 2 min, followed by 94°C 30 sec, 61°C 30 sec, 70°C
45 sec (35 cycles) and 70°C 5 min. The second round of post-bisulfite PCR followed the same
recipe as the first round, except 2 µl of post-bisulfite PCR product was used as the template.
Cycling conditions for the second round of post-bisulfite PCR included an initial denaturation
step of 94°C 2 min, followed by 94°C 30 sec, 63°C 30 sec, 68°C 1 min (35 cycles) and 70°C 5
min. PCR product size was confirmed using gel electrophoresis (1% agarose, 120 V). PCR
products were purified using ExoSAP-IT (Affymetrix, Santa Clara, CA) with a slight
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modification to cycling conditions: both cycling steps were increased from 30 min to 45 min. For
PCR products that produced faint bands on the gel, we used the PCRCLEAN DX (Aline
Biosciences, Woburn, MA) bead-based PCR purification method according to manufacturer’s
instructions. Purified PCR products were sent to the Georgia Genomics Facility at the University
of Georgia (Athens, GA) for DNA sequencing using a forward sequencing primer that was
slightly modified from the forward post-bisulfite PCR primer (see Table 2.1). The resultant lane
files were processed and aligned with MEGA 6. Because our DNA samples were obtained from
a homogenate of liver cells that may differ in methylation profiles, we calculated percentage of
methylation at each of the 3 CpG sites using Chromas software and the following equation: peak
height of C/(peak height of C + peak height of T) x 100 (Jiang et al. 2010).
Genetic characteristics
Using the pre-bisulfite treated sequences of all individuals, we found four SNPs within
the target region, which, due to linkage, were inherited as four distinct haplotypes. Across all
haplotypes, we observed perfect linkage disequilibrium between SNP1 and SNP2 and between
SNP3 and SNP4. Using this information, each individual was assigned a genotype based on
SNPs at each position. Because we found only a single rare-allele homozygote for SNPs 1&2,
and none for SNPs 3&4, we simplified our genotypes to just two for each set of SNPs. Animals
were scored as either homozygous for the common allele, or as carriers of the minor allele. We
previously detected very little DNA sequence variation in exon 3 of TLR4 among Kenyan house
sparrows from the same populations sampled in the current study; and what variation was present
revealed very little differentiation among locations in Kenya (personal communication, A. W.
Schrey, 2015), thus we decided not to assess genetic variation within the coding region of TLR4
in the current study.
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Data analysis
Prior to all analyses, a Shapiro-Wilks test revealed that only TLR4 expression data were
non-normally distributed, but log10-transformation produced normality and models met all
assumptions after transformations. We first sought to determine whether distance from Mombasa
(dfM; our surrogate for population age) was predictive of hepatic TLR4 expression, a pattern we
had found previously for peripheral leukocytes and splenocytes (Martin et al. 2014; Martin et al.
2015), using a general linear model: dfM and body mass were included as continuous covariates
and sex was included as a factor. As sex and body mass were not predictive of TLR4 expression,
these terms were excluded from further analyses. Next, we used a linear-mixed model to assess
whether DNA methylation at the 3 distinct CpG sites within focal sequence (CpG1, CpG2 and
CpG3) predicted TLR4 expression; CpG % methylation assessments were treated as continuous
covariates, and the individual bird was treated as a random factor to account for repeated
assessments of methylation within individuals. This model revealed that only CpG1 methylation
predicted TLR4 expression. Using a linear mixed model, we then investigated whether the effect
of DNA methylation at CpG1 on TLR4 expression differed according to distance from Mombasa:
% methylation at CpG1, dfM and their interaction (CpG1 x dfM) were included as continuous
covariates. We then explored whether TLR4 expression or CpG1 methylation was predicted by
genetic variation within the TLR4 promoter (i.e. genotype at SNP1 and SNP3) using two
independent samples t-tests. For both tests, we included TLR4 expression and CpG1 methylation
as dependent variables, with the first t-test including genotype at SNPs 1&2 (i.e. SNP1) as the
independent variable, whereas the second t-test included genotype at SNPs 3&4 (i.e. SNP3) as
the independent variable. All statistical analyses were conducted using IBM SPSS Statistics v24
and figures were created using GraphPad Prism.
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Results
Distance from Mombasa (dfM) and TLR4 expression
Hepatic TLR4 expression was not influenced by body mass (F1,55 = 1.949, P = 0.168) or
sex (F1,55 = 0.579, P = 0.45), but distance from Mombasa (dfM) had a significant positive effect
on expression (F1,55 = 8.003, P = 0.007) (Figure 2.1).
Promoter characteristics, DNA methylation, dfM and TLR4 expression
We identified 3 CpG sites within a region of the putative TLR4 promoter (Figure 2.2A).
Across all 3 sites, percent methylation ranged from 71-100%. Mean percent methylation across
all 3 CpG sites was 92.02% (CpG1: 89.37% +/- 6.7 (SD; n=40); CpG2: 90.73% +/- 7.1 (SD;
n=40); CpG3: 95.95% +/- 3.6 (SD; n=40)). TLR4 expression was negatively associated with
DNA methylation at CpG1 (F1, 36 = 10.134, P = 0.003), but not predicted by DNA methylation at
CpG2 (F1, 36 = 0.237, P = 0.63) or CpG3 (F1, 36 = 0.646, P = 0.427) (Figure 2.2B). For the model
investigating a potential interaction between CpG1 methylation and dfM on TLR4 expression,
CpG1 was a significant predictor (F1,36 = 9.869, P = 0.003), however neither dfM (F1,36 = 1.375,
P = 0.249) nor the interaction (CpG1 x dfM; F1,36 = 1.729, P = 0.197) were significant predictors.
Genetic characteristics
We identified four SNPs within the putative TLR4 promoter, which due to linkage, were
inherited as just four haplotypes: CGTG, TACA, CGCA and TATG (Figure 2.3A). Among the
four SNPs, we found that SNP1 and SNP2 were in perfect linkage disequilibrium (R2=1.0) and
that SNP3 and SNP4 were also in perfect linkage disequilibrium (R2=1.0). For SNPs 1&2, 47
individuals were homozygous for the major allele (CG/CG), 13 were heterozygous (CG/TA), and
1 was homozygous for the rare allele (TA/TA). For SNPs 3&4, 53 individuals were homozygous
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for the major allele (TG/TG), 8 were heterozygous (TG/CA) and none were homozygous for the
rarer CA allele. Because only one individual was homozygous for the minor frequency TA allele
at SNPs 1&2, and none were homozygous for the rare CA allele in SNPs 3&4, we simplified our
analysis to compare only individuals who were homozygous for the common allele at a SNP to
those who had at least one copy of the rare allele. In practice, SNPs 1&2 were not only perfectly
linked to one another, but were also strongly linked to SNPs 3&4 (R2 = 0.80). Although we
report analyses for both sets of SNPs below, linkage makes the results somewhat redundant, and
we plot only the effects of SNP 3&4 in our main text (for the effects of SNPs 1&2, see
Supplementary Figure B1).
Genetic sources of variation in CpG1 methylation and TLR4 expression
Upon finding an effect of DNA methylation on TLR4 expression, we investigated
whether SNP variation predicted DNA methylation at CpG1. For SNPs 1&2, we found no
significant difference in CpG1 methylation between CG/CG homozygotes (n=33; x̅ = 0.89 ± 0.07
SD) and individuals with 1 or more TA alleles (n=7; x̅ = 0.90 ± 0.05 SD; t (38) = -0.175, P =
0.862; see Supplementary Figure B1A). For SNPs 3&4, there was no significant differences in
CpG1 methylation between the common TG/TG genotype (n=35; x̅ = 0.90 ± 0.07 SD) and the
rare TG/CA genotype (n=5; x̅ = 0.89 ± 0.05 SD; t (38) = 0.554, P = 0.583; Figure 2.3B). Next,
we investigated whether genetic variation at these SNPs predicted TLR4 expression. For SNPs
1&2, we found no significant difference in TLR4 expression between the CG/CG genotype
(n=47; x̅ = 1.34 ± 0.57 SD) and individuals with at least one TA allele (n=14; x̅ = 1.26 ± 0.47
SD; t (59) = 0.476, P = 0.635; see Supplementary Figure B1B). For SNPs 3&4, we found a
marginally non-significant difference between TG homozygotes (n=53; x̅ = 1.36 ± 0.57 SD) and
TG/CA heterozygotes (n=8; x̅ = 1.11 ± 0.29 SD) on TLR4 expression (t (16.936) = 1.941, P =
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0.069; Figure 2.3C). We then visualized the geographic distribution of genotypes at these SNPs
and the percentage of DNA methylation at CpG1 across Kenya (Figure 2.4). In doing so, we
found evidence of genetic admixture among populations, which is consistent with previous
findings in Kenyan house sparrows using microsatellites (Schrey et al. 2014) (SNPs 1&2, see
Supplementary Figure B2; SNPs 3&4, Figure 2.4A). We also visualized the amount of DNA
methylation occurring at CpG1 within the putative TLR4 promoter across Kenyan populations
(Figure 2.4B).

Discussion
In accordance with previous findings for TLR4 expression in peripheral and splenic
leukocytes (Martin et al. 2014; Martin et al. 2015), hepatic TLR4 expression was positively
correlated to dfM, thus, lending further support for the potential role of TLR4 as a facilitator of
range expansion success in this species. More importantly, our study is among the first to
demonstrate an association between DNA methylation and an ecologically-relevant phenotype
(e.g., TLR4 expression) in a range-expanding vertebrate. Specifically, we detected a strong
relationship between DNA methylation at one, but not two other, putative promoter CpG sites on
expression of TLR4, a gene involved in microbial surveillance. Moreover, we discovered 4
genetically-linked polymorphisms within the TLR4 promoter, but the effects of this genetic
variation on TLR4 expression remain unclear. Below, we discuss the implications of these results
for range expansion of this species in Kenya.
TLR4 as a facilitator of house sparrow range expansions
In the current study, our focus on determining the drivers of variation in TLR4 expression
was motivated by previous findings from our lab which revealed that TLR4 expression in
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peripheral blood leukocytes and splenocytes (Martin et al. 2014; Martin et al. 2015) was highest
at the range-edge. Here, we found a similar pattern with TLR4 expression in the liver being
highest at the range-edge. In regards to immune surveillance for microbial threats, the liver is an
important immune tissue due to its unique anatomical position near the intestines and the portal
vein (Jenne and Kubes 2013). Kupffer cells and other hepatocytes are among the first to
encounter both gut and blood-derived endotoxins, including lipopolysaccharide (LPS) (Seki and
Brenner 2008; Jenne and Kubes 2013), thus, the detection of microbial threats via hepatic TLR4,
and the resultant release of pro-inflammatory mediators, is likely to be especially important in
combatting infections. In a previous study on Kenyan house sparrows, we found that individuals
with lower peripheral leukocyte TLR4 expression were more likely to be infected with malaria
and coccidian parasites (Martin et al. 2014). Therefore, at range-edges, where encountering novel
parasitic threats is likely to be more common, high hepatic TLR4 expression should be beneficial
for coping broadly with such challenges. Interestingly, though, given the constant exposure of
hepatocytes to low levels of gut and food-derived microbial constituents, such as LPS, and the
potential for immune over-exuberance even in the absence of a microbial threat, the liver is also
a critical site of tolerance. Indeed, both response to pathogens and tolerance of gut-derived
microbiota are mediated by TLR4 expression (Liew et al. 2005; Crispe et al. 2006; Schwabe et al.
2006; Seki and Brenner 2008), and in some cases, can be influenced by epigenetic mechanisms
(Takahashi et al. 2009). TLR4-mediated tolerance within the liver is achieved by continuous
exposure of cell-type specific TLR4 to gut-derived endotoxins and the subsequent release of antiinflammatory mediators (Nakamoto and Kanai 2014). At range-edges, higher expression of
hepatic TLR4 may be the result of individuals consuming more novel foods, and thus increased
exposure to food-derived antigens. Alternatively, high TLR4 expression may allow for the
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mitigation of costs associated with immune function (e.g. inflammation). Indeed, we previously
found in individual Kenyan house sparrows that high TLR4 expression was associated with low
energetic and nutrient costs of inflammation (Martin et al. 2017). Therefore, increased TLR4
expression may facilitate broad immunological protection from novel parasites while alleviating
trade-offs with other traits important for success at range-edges (e.g. growth and reproduction).
While the measurement of abiotic differences among populations (e.g. elevation, rainfall, etc.),
individual infection status, and cell-type specific contributions to variation in hepatic TLR4
expression is beyond the scope of this study, our results lend further support to the role of TLRs
as facilitators of range expansion success in Kenyan house sparrows.
Sources of variation in TLR4 expression
A molecular epigenetic mechanism, DNA methylation, predicted differential expression
of a gene integral to microbial defense (i.e. TLR4) in Kenyan house sparrows. Increasing
evidence suggests that DNA methylation plays an important role in regulating the vertebrate
immune system (Deaton et al. 2011), particularly TLR4-mediated inflammatory responses
(Takahashi et al. 2009; Chang et al. 2015), and that such regulation can be influenced by
environmental factors. For example, in goats, systemically increased levels of LPS was
associated with reduced DNA methylation within the TLR4 promoter, increased hepatic TLR4
expression and enhanced inflammatory responses within the liver (Chang et al. 2015). Moreover,
in human intestinal epithelial cells, continuous exposure to gut-derived endotoxins (i.e. LPS) was
correlated with hypermethylation of the TLR4 promoter, decreased TLR4 expression and
increased tolerance to intestinal microbiota (Takahashi et al. 2009). Interestingly, we found that
the methylation status at CpG1 varied from only ~73-100%, yet had significant effects on TLR4
expression. Other studies have demonstrated that a similar magnitude of variation in DNA
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methylation can have profound effects on phenotypes (Weaver et al. 2004; Gou et al. 2012). For
example, small differences in TLR4 promoter methylation (<8%) were discovered between
chickens with differential resistance to Salmonella enteritidis (Gou et al. 2012); resistant
chickens increased leukocyte TLR4 expression 16 hours post-inoculation compared to more
modest changes in susceptible chickens. In light of these findings, the level of individual
variation in DNA methylation we observed in Kenyan house sparrows is likely to be relevant in
terms of an individual’s capacity to defend against parasites. However, because we lack
information on current or prior infection history on the birds used in this study, it remains
unclear whether variation in DNA methylation among individuals was due to current
environmental conditions (e.g. infection status) or whether these differences were established
early in life.
Whereas the above results suggest a putative role for DNA methylation in the plastic
responses to range expansion in sparrows, genetic variation within the TLR4 promoter could also
affect TLR4 expression. We found four linked SNPs within the TLR4 promoter that grouped into
two general genotypes: one homozygous for common alleles, and another comprised of
individuals with at least one copy of a rare allele. While we found no relationship between
genetic variation (i.e. promoter SNPs) and CpG1 methylation, we detected a trend, while not
significant, that suggests genotype differences may influence TLR4 expression. Several studies
have demonstrated that SNPs within regulatory regions (e.g. gene promoters or enhancers) can
significantly impact mRNA transcript levels (Okhovat et al. 2015). In some cases, these effects
are strong enough to affect disease susceptibility (Knight et al. 1999; Wang et al. 2005;
Stepanova et al. 2006). For example, a SNP within the promoter of the pro-inflammatory
cytokine gene, tumor necrosis factor (TNF), alters the binding capacity of the transcription
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factor, OCT-1 (via changing the transcription factor binding site motif within the TNF promoter).
This SNP affects susceptibility to malaria infection in humans (Knight et al. 1999). Indeed, in the
present study, the TLR4 promoter SNPs did not predict % methylation at CpG1, suggesting that
drivers of gene expression, at least at one locus, operate independently. Moreover, while the
effect of SNPs 3&4 on expression was non-significant here, this outcome is plausibly driven by
the relatively small sample size available for study and/or the rarity of this genotype among
sparrows in general.
Interactions between genetic and epigenetic variation in TLR4 expression
In the context of range-expanding populations, where genetic diversity is typically low
due to founder effects and genetic bottlenecks, variation in DNA methylation may facilitate
phenotypic variation (Angers et al. 2010; Kilvitis et al. 2017). Several studies in introduced and
invasive plant species have indicated a role for epigenetic mechanisms in mediating traits
associated with invasiveness and competitive ability (Salmon et al. 2005; Richards et al. 2012;
Preite et al. 2015). In Kenyan house sparrows though, and perhaps in many species with high
dispersal potential, the interactions between genetic and epigenetic processes might be more
complex. On the one hand, we previously observed such high genetic admixture at the Kenyan
range edge that these populations achieved the same level of genetic diversity as older
populations elsewhere in the world, including native ones (Schrey et al. 2011). We argued that
the tendency for sparrows to reside in close proximity to humans, where they could occasionally
hitch rides on trucks or trains, could lead to high gene flow across large distances. On the other
hand, in the same system, we found that populations with low genetic diversity had high
genome-wide epigenetic diversity (as quantified by MS-AFLP; Liebl et al. 2013). This pattern
suggests epigenetic compensation for a depauperate gene pool in some sites. Coupled with
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observations for extensive physiological and behavioral differences among populations in Kenya
and the ability of the species to adjust rapidly to local conditions throughout its global range,
there seems strong reasons to study further the role of methylation in mediating gene expression,
and phenotypic differentiation broadly, in this introduced species.
Conclusions
Given the plethora of challenges inherent to novel environments, we expect that
epigenetically-mediated phenotypic plasticity may be a particularly important mechanism by
which invasive species cope with such adversity (Kilvitis et al. 2017). The role of molecular
epigenetic mechanisms and phenotypic plasticity in facilitating invasion success has been
increasingly gaining attention in the plant literature, however, studies of this nature remain
elusive in the context of invasive vertebrates. With the recent advances in genomic
characterizations of vertebrates and the increasing affordability of using more targeted molecular
epigenetic techniques, future studies investigating the underlying contribution of both epigenetic
and genetic variation in traits related to invasiveness are likely to provide invaluable insight into
the mechanistic bases of complex phenotypic responses to environmental heterogeneity.
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Figures

Figure 2.1. The relationship between distance from Mombasa (dfM) and TLR4 expression
in Kenyan house sparrows. Similar to previous findings in peripheral blood leukocytes (Martin
et al. 2014) and splenocytes (Martin et al. 2015), dfM was predictive of TLR4 expression in the
liver. Bars are means +/- 1SE. Populations are indicated by the following abbreviations and
distances relative to Mombasa: MO (Mombasa—0km), VOI (Voi—160km), NA (Nairobi—
500km), NK (Nakuru—650km), and KA (Kakamega—885km).
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Figure 2.2. Location of CpG sites and characterization of DNA methylation in the surveyed
~500 bp putative promoter region located within 2 kb region upstream of the house
sparrow TLR4 gene. (A) The location of the 3 CpG sites and the TLR4 translation start site
(ATG) are indicated relative to their distance from the TLR4 translation start site (TSS +1). (B)
Of the 3 CpG sites measured, only percent methylation at CpG1 was predictive of TLR4
expression (P = 0.003), such that DNA methylation was inversely associated with expression.
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Figure 2.3. The effects of genetic variation within the putative TLR4 promoter (i.e.
genotype at SNPs 3&4) on DNA methylation at CpG1 and TLR4 expression. (A) Depiction
of the ~500 bp region of the putative TLR4 promoter indicating the location and nucleotide
composition of the 4 SNPs identified from pre-bisulfite treated PCR sequences (* = location of
CpG sites). (B) DNA methylation at CpG1 did not significantly vary among genotypes at SNPs
3&4. (C) For TLR4 expression, there was a marginally non-significant difference among
genotypes at SNPs 3&4. Bars are means +/- 1SE.
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Figure 2.4. Distribution of genotypes at SNPs 3&4 and % DNA methylation at CpG1
within the TLR4 promoter according to distance from Mombasa (dfM). (A) Indicates
evidence of genetic admixture among populations. (B) Distribution of % DNA methylation at
CpG1 among populations. Populations are indicated by the following abbreviations and distances
relative to Mombasa: MO (Mombasa—0km), VOI (Voi—160km), NA (Nairobi—500km), NK
(Nakuru—650km), and KA (Kakamega—885km).

59

Tables
Table 2.1. qPCR, pre-bisulfite and post-bisulfite sequencing primers (5’ to 3’) for house
sparrow TLR4

Table 2.2. PCR and sequencing primers (5’ to 3’) for characterizing putative TLR4 in zebra
finches and house sparrows

*Tm = melting temperature
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CHAPTER III:
CORTICOSTERONE IS CORRELATED TO MEDIATORS OF NEURAL PLASTICITY
AND EPIGENETIC POTENTIAL IN THE HIPPOCAMPUS OF SENEGALESE HOUSE
SPARROWS (PASSER DOMESTICUS)
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Abstract
During range expansions, coping with novel challenges often requires rapid adjustments
to inherently-plastic traits. Our previous research on house sparrows in Kenya revealed that (i)
range-edge birds released more corticosterone (CORT) in response to a stressor, ii) were more
exploratory than range-core birds, and (iii) exhibited extensive variation in genome-wide DNA
methylation among individuals. Within the hippocampus, mediators of neural plasticity such as
brain-derived neurotrophic factor (BDNF), can influence and be influenced by CORT and
hippocampus-associated behaviors. Moreover, variation in the capacity for the interactions
between CORT, BDNF and relevant behaviors may be influenced by the activity of epigenetic
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modification enzymes. Here, we investigated whether previously observed physiological and
behavioral patterns might coincide with population-level differences in the expression of BDNF
and DNA methyltransferases (DNMTs) within the hippocampus and stressor-induced CORT.
DNMT expression is an important mediator of epigenetic potential, the propensity of a genome to
capacitate phenotypic variation via mechanisms such as DNA methylation. We surveyed three
populations of house sparrows across an ongoing range expansion in Senegal, predicting that
hippocampal BDNF and DNMT expression would be highest at the range-edge, and that BDNF
and DNMT would be inversely related to one another, but would each positively covary with
CORT within individuals. We found a nonlinear relationship between CORT and BDNF
expression within individuals. Moreover, we found that CORT positively covaried with DNMT1
expression in a more recently established population, while the reverse was true in the oldest
population (i.e. at the range-core). Our study is among the first to explore whether and how
variation in CORT contributes to variation in mediators of neural plasticity and epigenetic
potential within the hippocampus of a range-expanding vertebrate.

Introduction
As the rate of human-induced environmental change continues to increase, so too does
the pressure for organisms to adjust rapidly to novel conditions (Ghalambor et al. 2007). In the
context of ongoing range expansions, range-edge populations are often faced with population
genetic challenges (e.g. bottlenecks and/or founder effects), as well as exposure to strong
selective pressures including novel enemies and/or unfamiliar resources (Perez et al. 2006).
Oftentimes, successfully coping with novel environmental stressors requires rapid adjustments of
environmentally-sensitive (i.e. plastic) traits (Ghalambor et al. 2007; Forsman 2014). For
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example, several studies in vertebrates have indicated that variation in the regulation of
glucocorticoids (GCs) and/or certain behaviors (e.g. exploration) may be particularly important
at range-edges (Liebl and Martin 2012; Martin and Liebl 2014; Martin et al. 2017; Atwell et al.
2014), as these traits often dictate the outcome of current and future interactions with novel
environmental stressors. Moreover, increasing evidence suggests that plasticity in these traits is
often mediated by molecular epigenetic mechanisms (Ledon-Rettig et al. 2013), which may act
as compensatory mechanisms in populations with low genetic diversity (Angers et al. 2010;
Schrey et al. 2012; Liebl et al. 2013). However, the extent to which regulatory mediators of
plasticity (e.g. physiological, behavioral and epigenetic) interact and contribute to rangeexpansion success remains unclear.
In novel environments (e.g. at range-edges), the plasticity in the regulation of GCs by the
hypothalamic-pituitary-adrenal (HPA) axis could be particularly crucial for survival, as GCs
coordinate diverse physiological and behavioral responses required to maintain homeostasis
(Romero et al. 2009). In two recent and geographically distinct range expansions of the house
sparrow (Passer domesticus) (i.e. Kenya and Senegal), we found that individuals at the rangeedge released more corticosterone (CORT; the major avian GC) in response to a restraint stressor
than individuals residing at the range core (Liebl and Martin 2012; Martin et al. 2017).
Moreover, in Kenya, range-edge birds were more exploratory (Liebl and Martin 2012) and more
likely to consume novel foods (Liebl and Martin 2014) than birds at the range-core. Behaviors
such as exploration and dietary neophagia are likely to facilitate the acquisition of novel
information (e.g. learning which predators to avoid and/or where to find novel resources)
through environmental sampling (Davis et al. 2004). At range-edges, low density of conspecifics
may reduce the opportunity for social learning, so associative and spatial learning (via
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exploration and/or neophagia) should be particularly advantageous (Dukas 2013). Moreover,
these behaviors are associated with activity of the HPA-axis, which regulates the release of
CORT. Among many functions, CORT enhances the encoding, storage and recollection of
learned information (Schaaf et al. 2000). As such, greater capacity for associative and spatial
learning/memory can refine physiological (e.g. altered HPA-axis responsivity) and behavioral
(e.g. increased vigilance/avoidance) responses upon subsequent exposure to the same stressor.
Importantly, the bidirectional effects of CORT and behavior on neural encoding of
associative/spatial information are mediated by dynamic changes in gene expression within the
hippocampus (Cunha et al. 2010), demonstrating how plasticity at the molecular/neurological
level can influence and be influenced by plasticity at the physiological and/or behavioral levels.
Within the hippocampus, the process of learning and memory formation is highly plastic,
involving continuous establishment, reconfiguration and strengthening of neural connections in
response to extrinsic and intrinsic stimuli (Cunha et al. 2010). In vertebrates, modulation of these
processes, including adult neurogenesis and synaptic strengthening, requires changes in the
expression of genes involved in neural plasticity (Cunha et al. 2010). Regulation of genes
encoding neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), is particularly
important for hippocampal learning/memory and is highly context-dependent (Suri and Vaidya
2013). In rodents, upregulation of hippocampal BDNF has been reported following learning
paradigms or exploration of an enriched/novel environment (Schaaf et al. 2000) and was also
associated with enhanced cognitive performance and exploratory behavior (Schaaf et al. 2000;
Kazlauckas et al. 2011). However, the severity and duration of a stressor (e.g. chronic) can
inhibit hippocampal BDNF expression and result in cognitive deficits (Schaaf et al. 2000). Given
the importance of the hippocampus for negative feedback of the HPA-axis, high density of GC
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receptors enables CORT to be a potent regulator of hippocampal BDNF expression (Finsterwald
and Alberini 2014). Importantly too, CORT effects on hippocampal BDNF expression are
partially mediated by context-dependent molecular epigenetic changes (e.g. DNA methylation)
to the BDNF gene (Sweatt 2009). Indeed, the hippocampus and the vertebrate brain in general
are among the few sites in which epigenetic mechanisms remain highly sensitive to
environmental inputs throughout adulthood (Sweatt 2009; Morris and Menteggia 2014). These
findings demonstrate the importance of considering how variation in CORT and/or epigenetic
mechanisms may interact to influence differences in hippocampal BDNF expression and how
these processes might influence individual success at range-edges.
DNA methylation patterns are catalyzed and ultimately maintained by DNA
methyltransferases (DNMTs) (Sweatt 2009; Morris and Monteggia 2014). DNMT1 primarily
maintains methylation marks established after mitosis whereas DNMT3a/b are de novo
methyltransferases that add methyl groups to previously unmethylated regions of DNA (Morris
and Monteggia 2014). In the hippocampus, DNMT1 and DNMT3a are highly expressed in both
neural precursor cells and post-mitotic neurons (Feng et al. 2007, 2010), where they act in
concert with physiological factors (e.g. CORT) to coordinate organismal-wide responses to
various experiential factors (e.g. learning/memory paradigms, novel environments, etc.) (Sweatt
2009). Several studies have demonstrated a crucial role for DNMTs in the regulation of
hippocampal-mediated learning and memory, where pharmacological inhibition of DNMTs
resulted not only in severe learning and memory deficits, but also changed DNA methylation of
BDNF and several other neural plasticity genes (reviewed in (Sweatt 2009; Morris and
Monteggia 2014)).
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Importantly, while CORT responses transduce contextual information from the
environment, the propagation and coordination of this information into functional, wholeorganism responses relies heavily on the catalytic capacity of epigenetic modification enzymes
(e.g. DNMTs) to regulate gene expression. Subsequently, variation in the activity of DNMTs
could arise via genetic (e.g. variation in the coding region of DNMT genes) and/or environmental
(e.g. availability of dietary methyl-donors) factors (Kilvitis et al. 2017). Moreover, as mRNA is a
necessary precursor in the production of proteins, variation in DNMT expression is likely to
influence the capacity for environmentally-induced epigenetic change (i.e. epigenetic potential—
Kilvitis et al. 2017). Importantly, DNMTs may act as capacitors of hippocampal plasticity, where
epigenetically-mediated changes are only potentiated under specific environmental conditions.
For instance, high hippocampal DNMT expression could be beneficial for coping with novel
stressors (e.g. at range edges) by facilitating rapid and highly coordinated epigenetic modulation
of neural plasticity genes.
Here, we used DNMT expression as a proxy of epigenetic potential within the
hippocampus, expecting that individual variation in DNMT expression may influence not only
BDNF expression, but that such molecular interactions might be mediated by other traits, namely
CORT. We specifically investigated whether hippocampal BDNF and DNMT expression differed
among populations of house sparrows in Senegal, the site of one of the most recent
introductions/expansions of this species (Lever 1989; Anderson 2006). We hypothesized that
hippocampal BDNF expression and DNMT1/DNMT3a expression would be highest at the rangeedge, as high expression of these genes within the hippocampus should potentiate
learning/memory and epigenetically-mediated plasticity, respectively. Given the role of
hippocampal DNMTs in the regulation of hippocampal BDNF expression, we tested whether the
66

expression of DNMTs covaried with BDNF expression within individuals, with the expectation
that DNMT1/DNMT3a expression would be negatively correlated to BDNF expression. We then
investigated whether and how CORT covaried with DNMT and BDNF expression, predicting
that CORT would positively covary with both within individuals.

Materials and Methods
Sparrow capture and husbandry
We captured adult house sparrows (Passer domesticus) (n=20) in mist nets in December
2015 from three locations in Senegal: Dakar (n=8), Saint Louis (n=7) and Richard Toll (n=5).
House sparrows were introduced to the port city of Dakar around 1970 (Lever 1989) and have
since spread northward along the coast to Saint Louis and northeastern to interior cities along the
Senegal River (e.g. Richard Toll and Podor) (Summers-Smith 2010). While the precise timing of
post-expansion colonization of some cities (e.g., Saint Louis and Richard Toll) remains
unknown, several sources agree that Dakar was the site of initial introduction (i.e. the rangecore) and that Saint Louis and Richard Toll represent younger, more recently established
populations (see Martin et al. 2017). Upon capture, we recorded sex, mass (to 0.1g), and tarsus
length (to 1mm) for each individual. Birds were held in cloth bags to await transport to facilities
where they were housed in captivity for ~44hrs. Birds were housed individually in cages (11”L x
9”W x 16”H) during this period with ad libitum access to food (mixed seeds) and water.
Corticosterone and hippocampal sampling
At ~44hrs in captivity, birds were removed from their cages and within 3min, a blood
sample was collected from the brachial vein (~25µl) to assess circulating corticosterone (CORT)
levels under basal conditions. Birds were then held in cloth bags for 30min, at which time a
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second blood sample was taken (~25µl) to assess circulating levels of CORT in response to a
stressor (i.e. restraint). Blood samples were centrifuged immediately and plasma removed before
being placed in liquid nitrogen. Within 1.5hrs of collecting the final blood sample, birds were
deeply anesthetized with isoflurane (Butler Animal Health Supply, Dublin, OH) and
euthanatized by rapid decapitation. Within 10min of euthanasia, hippocampi were extracted
using RNase-free surgical tools and stored in RNAlater (Ambion, Fisher Scientific) at room
temperature until they were returned to the US and stored at -40°C. Sample export to the US was
supported by USDA-APHIS permit #105345, and all procedures were approved in advance by
the USF IACUC (#IS0000636) and the Senegalese Ministere de L’Environment et du
Development Durable (#02541). An EIA kit (Arbor Assays, K014-H5) was used to measure total
plasma CORT, with slight modifications to the kit protocol optimized for use in house sparrows
(Martin et al. 2017). All samples were run in duplicate and randomly assigned within and among
plates. Intra-assay variation was 4.2%; inter-assay variation was 15.0%.
RNA extraction and DNase treatment
Whole hippocampi were weighed (to 0.01g) and mRNA was extracted using the
TRIzol/chloroform (Ambion) extraction method (as described by Martin et al. 2015). Prior to
DNase treatment, mRNA concentrations were quantified using a spectrophotometer to determine
the appropriate input amount for DNase treatment. DNase treatment was performed using the
RNase-free DNase protocol (Promega) according to manufacturer’s instructions. After DNase
treatment, mRNA concentrations were quantified again using a spectrophotometer, and all
samples were standardized to 25 - 50ng μl-1 using nuclease-free water before being stored at 40°C to await RT-qPCR.
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RT-qPCR: BDNF, DNMT1 and DNMT3a expression
Reverse transcription and qPCR were conducted using the iTaq Universal SYBR Green
One-Step kit (Bio-Rad, Berkeley, CA). Each reaction contained 10μl iTaq SYBR Green reaction
mix (2x), 0.25μl iScript reverse transcriptase, 1ul each of forward (10μM) and reverse (10μM)
qPCR primers, 2ul RNA and nuclease-free water to a final volume of 20ul. Cycling conditions
and melt curve analyses were programmed according to the manufacturer’s instructions specific
for the StepOne Plus qPCR platform (Applied Biosystems). The qPCR primers for BDNF and
DNMT1 were designed using the zebra finch (Taeniopygia guttata) mRNA sequences associated
with the following Genbank accession numbers: BDNF: NM_001048255 and DNMT1:
XM_012576473.1. The qPCR primers for DNMT3a were designed using the common starling
(Sturnus vulgaris) mRNA sequence associated with the following Genbank accession number:
XM_014888217.1. These reference mRNA sequences were then compared with other highly
similar gene-specific avian mRNA sequences using the MEGA 6.0 alignment tool to identify
highly conserved regions. House sparrow specific primers were then designed and chosen
accordingly using Genbank’s Primer-BLAST tool. The following primer pairs were chosen:
BDNF (Forward: 5’-CATAGACAAGAGGCACTGGAACT-3’/Reverse: 5’AGTGTCTATCCTTATGAAGCGCC-3’), DNMT1 (Forward: 5’CGACGGGAGGACCTACTTCT-3’/Reverse: 5’-GGATCTCCTTGTGCCTCACC-3’) and
DNMT3a (Forward: 5’-TCTCCTGTGGGAGCCTCAAT-3’/Reverse: 5’GGTGCAGTAGGACTGGTAGC-3’). A six-point standard curve (483, 158, 77, 33, 16, 7) made
from a homogenate of house sparrow hippocampal mRNA and nuclease-free water (nontemplate control) was included on each plate and all samples were run in duplicate.
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Data analysis
Expression data for BDNF, DNMT1 and DNMT3a were log10-transformed to achieve
normality. All analyses were conducted using linear mixed models (LMMs) and models met all
assumptions after transformations. When appropriate, original models included 2-way
interactions between population and appropriate covariates and any non-significant interaction
terms were excluded from final models. Unlike in previous studies in Kenya, where capture site
was designated as a continuous covariate (e.g. distance from Mombasa—the range-core) (Liebl
and Martin 2012), here we treated ‘population’ as an ordinal variable because only three capture
sites were available for comparison (see also Martin et al. 2017). To assess whether BDNF
expression differed among populations and/or covaried with DNMT1/DNMT3a expression or
restraint CORT within individuals, our first model included BDNF expression as the dependent
variable, population as a fixed effect, and DNMT1, DNMT3a and restraint CORT as covariates.
Upon visualizing a putatively nonlinear relationship between CORT and BDNF expression, we
used regression (i.e., curve estimation) to discern the best-fit function (linear versus quadratic).
Next, we investigated what factors affected DNMT1 expression by running a model with
population as a fixed effect, and DNMT3a expression and restraint CORT as covariates; we then
conducted a similar analysis for DNMT3a expression. To account for possible variation in CORT
regulatory mechanisms among individuals (e.g. GC receptors, binding globulins, etc.), we
repeated the above analyses using ΔCORT (restraint CORT minus pre-restraint (baseline)
CORT). We only report results from models including restraint CORT because i) ΔCORT
resulted in similar results, ii) restraint CORT and ΔCORT were significantly correlated (Pearson
Correlation; r = 0.581, P = 0.009), and iii) stressor-induced CORT is most commonly reported in
studies of BDNF expression and cognitive performance. All analyses were performed using
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SPSS v24, our α was set to 0.05, and figures were made using either GraphPad Prism v. 6.0 or R
(visreg package).

Results
Hippocampal BDNF, DNMT1 and DNMT3a expression among populations
When controlling for important covariates, we found no significant differences among
populations in hippocampal BDNF expression (F2,14 = 2.817, P = 0.094; Figure 3.1A). However,
populations differed in hippocampal DNMT1 expression (F2,13 = 3.839, P = 0.049; Figure 3.1B),
but pair-wise Bonferroni comparisons could not reveal which sites differed. Populations did not
differ in hippocampal DNMT3a expression (F2,14 = 0.205, P = 0.817).
Covariation in hippocampal BDNF and DNMT1 expression and CORT
We found that hippocampal BDNF expression was correlated to restraint CORT within
individuals (LMM: F1,14 = 6.885, P = 0.02; Figure 3.2). This relationship was best described
using a quadratic (R² = 0.525; P = 0.002) rather than a linear (R² = 0.108; P = 0.158) function:
individuals with intermediate restraint CORT had the highest hippocampal BDNF expression
while individuals with high or low CORT had the lowest BDNF expression (Figure 3.2). We also
found that individuals with high hippocampal DNMT1 expression also had high BDNF
expression (F1,14 = 18.807, P = 0.001; Figure 3.3), however, hippocampal DNMT3a expression
did not covary with BDNF expression (F1, 14 = 0.78, P = 0.392). Populations differed in how
restraint CORT was related to hippocampal DNMT1 expression (population x restraint CORT:
F2,13 = 3.979, P = 0.045; Figure 3.4). In Dakar (i.e. the range core), birds with the highest
restraint CORT had the lowest levels of DNMT1 expression. In the other sites, CORT and
DNMT1 expression were positively related (Saint Louis) or unrelated (Richard Toll). Individuals
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with high hippocampal DNMT1 expression also had high hippocampal DNMT3a expression
(F1,13 = 37.15, P < 0.001), however DNMT1 expression was not related to restraint CORT (F1,13 =
1.796, P = 0.203). Neither restraint CORT (F1,14 = 0.011, P = 0.919) nor its interaction with
population (population x restraint CORT: F2,14 = 0.118, P = 0.890) were predictive of
hippocampal DNMT3a expression within individuals.

Discussion
In our investigation of an ongoing range expansion in Senegalese house sparrows, we
failed to detect differences in hippocampal BDNF expression among populations, but we did find
evidence for covariation between BDNF expression, stressor-induced CORT and DNMT1
expression within individuals. First, we revealed a nonlinear, relationship between CORT and
hippocampal BDNF expression: individuals with intermediate levels of CORT in response to a
restraint stressor had higher hippocampal BDNF expression than individuals with low or high
CORT. Second, we detected positive covariation between hippocampal DNMT1 and BDNF
expression within individuals, although this finding is opposite of what we had predicted. Third,
we found that hippocampal DNMT1 expression differed among populations, although not in the
way we expected (i.e. expression was not necessarily higher at the range-edge relative to the
range-core). Fourth, DNMT1 expression was inversely related to CORT in range-core birds, but
was positively correlated to CORT in birds from one, but not both, of the range-edge
populations. Below, we focus our discussion primarily on these CORT-associated relationships
and the potential implications for range expansion success in house sparrows.
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Individual covariation between BDNF and stressor-induced CORT
In previous studies on recently introduced house sparrows (i.e., Kenya and Senegal),
range-edge individuals released more CORT in response to a restraint stressor than individuals
residing near the range-core (Liebl and Martin 2012; Martin and Liebl 2014; Martin et al. 2017).
We predicted that such patterns might facilitate hippocampal BDNF expression at range-edges,
and thus greater capacity for hippocampal-dependent learning/memory, however, we found no
differences in BDNF expression among Senegalese house sparrow populations in this study
(Figure 1A). Within individuals, however, we revealed that stressor-induced CORT was related
in a nonlinear fashion to BDNF expression: intermediate levels of CORT appeared to have a
stimulatory effect on BDNF expression whereas levels of CORT at either extreme appeared
inhibitory (Figure 2). Similar nonlinear, biphasic relationships have been extensively reported in
the literature (e.g. “neurohormesis”—(Mattson 2008)), and intermediate magnitudes of stressors
or CORT elevations are often associated with increases in cognitive performance, neurogenesis
and hippocampal BDNF expression (Rothman and Mattson 2010; Finsterwald and Alberini
2014; LaDage 2015). Given the importance of hippocampal BDNF as a mediator of neurogenesis
and long-term potentiation (LTP), a proxy for synaptic plasticity associated with memory
formation, high BDNF expression in response to moderate stress may represent a way to enhance
the capacity for learning/memory (Mattson 2008; Rothman and Mattson 2010). In other words,
such biphasic relationships might indicate the importance of maintaining balance between
homeostatic and progressive (e.g. neurogenesis) processes (Constantini et al. 2010; Calabrese
and Mattson 2011). While we were unable to determine whether the association between
stressor-induced CORT and BDNF expression was functional at the neuroanatomical and/or
behavioral levels, the pervasive evidence for biphasic relationships between stressor magnitude
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and cognitive function in other vertebrates suggests that the relationship we detected may be
functionally relevant in terms of coping with changing environmental demands, and thus
warrants further investigation (Constantini et al. 2010; Calabrese and Mattson 2011).
Individual covariation between BDNF and DNMT1 expression
We detected a positive relationship between hippocampal expression of DNMT1 and
BDNF (Figure 3.3), although this finding is surprising for two reasons. First, given its primary
role as a maintenance methyltransferase, it is unclear why DNMT1 remains highly expressed in
post-mitotic neurons. One potential explanation is that DNMT1 facilitates neuronal stability by
re-establishing methylation patterns at CpGs that have undergone demethylation after DNA
mismatch repair (Feng et al. 2010). Second, given that DNA methylation typically suppresses
gene expression, DNMT1 expression was expected to be negatively correlated to BDNF
expression. A possible explanation here is that epigenetic regulation of hippocampal BDNF
expression is highly complex and context-dependent due, in part, to certain structural attributes
of the BDNF gene (e.g. multiple promoter regions, alternative splicing variants) (Pruunsild et al.
2007; Yu et al. 2009). For example, in rats, exposure to a novel environment was associated with
hypomethylation of BDNF exon I and high BDNF expression in the dentate gyrus (DG), whereas
hypermethylation of BDNF exon I and IV and high BDNF expression was reported in the Cornu
Ammonis 3 (CA3) (Roth et al. 2015). Given the limitations of our study design (e.g. our use of
mRNA from whole hippocampi, lack of BDNF-specific methylation data, etc.), we are reluctant
to make claims about the functionality of the DNMT1/BDNF correlation. Therefore, further
experiments are needed to discern whether/how variation in environmental conditions,
hippocampal sub-regions and/or DNMT1 expression interact to produce functionally relevant
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changes in BDNF expression, although we expect such studies will be especially difficult in
natural populations.
Population-level differences in CORT-DNMT1 relationships
One of the main motivations for our study was to investigate whether populations
differed in hippocampal DNMT expression. While we found that DNMT1 expression differed
among populations, the directionality of this relationship was obscure, possibility because of
limited sample sizes. Indeed, when accounting for individual variation in stressor-induced
CORT, clearer differences in DNMT1 expression among populations were revealed. We found
that stressor-induced CORT negatively covaried with hippocampal DNMT1 expression in
individuals from the range-core, but positively covaried with DNMT1 expression in birds from
one, but not both, of the range-edge populations (Figure 3.4). A possible explanation for these
population-level differences CORT/DNMT1 covariation may pertain to their role in, and relative
costs/benefits of adult hippocampal neurogenesis.
At range-edges, where environmental complexity and the demand for spatial
learning/memory is high, high capacity for neurogenesis may confer several benefits (LaDage
2015). Evidence suggests that exploratory behavior stimulates the proliferation and accumulation
of neural precursor cells, from which neurogenesis originates (Kempermann 2008). One
hypothesis suggests that such a “neurogenic reserve”, while inessential under basal conditions,
could enable rapid recruitment of newborn neurons in response to novel stressors, thereby
increasing the potential for hippocampal plasticity in novel environments (Kempermann 2008).
Moreover, newborn neurons have a lower induction threshold for LTP (i.e. synaptic plasticity),
which allows for more efficient integration/encoding of qualitatively novel environmental
information without the loss of previously learned environmental associations encoded in mature
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neuronal networks (i.e. avoiding catastrophic interference—(Wiskott et al. 2006)) (Kempermann
2008). Finally, new hippocampal neurons can facilitate negative feedback of the hypothalamicpituitary-adrenal (HPA) axis (Snyder et al. 2011; Surget et al. 2011). In Kenyan and Senegalese
house sparrows, this regulatory function might be a particularly important mechanism for
mitigating potential negative effects of elevated CORT characteristic at range-edges (Liebl and
Martin 2012; Martin et al. 2017). Given the costs associated with neurogenesis and presumably
fewer novel stimuli in familiar environments (e.g. at the range-core), the preservation and
stabilization of older neurons may promote optimal encoding of pre-existing memories/learned
environmental associations (LaDage 2015).
Interestingly, population differences in covariation between DNMT1 expression and
stressor-induced CORT may reflect differences in the benefits/costs of neurogenesis. In adult
hippocampal neural stem/progenitor cells (NS/PCs), high DNMT1 expression promotes survival
of newborn neurons (Noguchi et al. 2015), whereas low DNMT1 expression favors precocious
differentiation of NS/PCs into housekeeping/maintenance cells (i.e. astrocytes) (Fan et al. 2005).
Moreover, while high and low levels of CORT are typically associated with inhibition and
stimulation of neurogenesis, respectively (LaDage 2015), it is possible that the threshold at
which CORT changes from stimulatory to inhibitory differs among populations. At range-edges,
positive covariation between CORT and mediators of epigenetic potential may enhance
resilience to stressors by facilitating neurogenesis: under high-stress conditions, the strength of
the environmental signal (i.e. CORT levels) facilitates highly integrated/coordinated wholeorganism responses (Kilvitis et al. 2017). On the other hand, at the range-core where stressors are
presumably less novel, negative covariation between CORT/mediators of epigenetic potential
may maximize hippocampal plasticity under basal conditions but become compromised in highly
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stressful environments (e.g. mismatch) (Kilvitis et al. 2017). In this case, high CORT levels,
even if similar to those in range-edge birds, could fall outside the normal homeostatic range of
core-birds, resulting in over-exuberant responses to stressors (Romero et al. 2009). CORTmediated reductions in epigenetic potential could facilitate recovery from stressors by downregulating non-essential processes (e.g. hippocampal plasticity) and up-regulating processes
crucial for homeostasis. In sum, while we advocate for future studies to investigate directly the
correlation between CORT, DNMT1 expression and neurogenesis, our data suggest that
epigenetic potential could act as a capacitor of hippocampal plasticity, and that CORT-mediated
release of such variation may be a mechanism facilitating whole-organism performance at rangeedges.
Conclusions
In the context of range expansions, phenotypic plasticity at multiple biological levels is
likely to be important for coping with novel environmental challenges (Kilvitis et al. 2017).
Here, we explored whether and how multiple regulatory mediators of plasticity (i.e. molecular,
physiological, and neurological) interact and might be associated with range expansion success.
Among the most exciting findings from our study are the potential role of CORT as a mediator
of both neural plasticity and epigenetic variation in the hippocampus of Senegalese house
sparrows. We hope that future work will compare epigenetic potential directly among
populations, individuals, or genotypes and strive to discern how it mediates variation in
phenotypic plasticity and other traits associated with successful invaders.
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Figures

Figure 3.1. Population age (core vs. non-core) predicts hippocampal DNMT1 expression but
not hippocampal BDNF expression in Senegalese house sparrows. (A) Hippocampal BDNF
expression did not differ among populations, however, (B) hippocampal DNMT1 expression was
significantly different among populations. Dakar = core; Saint Louis and Richard Toll = noncore. Bars are means +/- 1SE.
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Figure 3.2. Hippocampal BDNF expression varies non-linearly with stressor-induced
CORT in Senegalese house sparrows, regardless of capture site.

Figure 3.3. Hippocampal DNMT1 expression positively covaries with hippocampal BDNF
expression in Senegalese house sparrows.
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Figure 3.4. Relationships between stressor-induced CORT and hippocampal DNMT1
expression vary among Senegalese house sparrow populations. At the range-core (Dakar),
stressor-induced CORT negatively covaried with hippocampal DNMT1 expression. Among noncore populations, stressor-induced CORT positively covaried with hippocampal DNMT1
expression in one population (Saint Louis), whereas stressor-induced CORT was not related to
DNMT1 expression in the other population (Richard Toll) (P = 0.045).
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APPENDIX A:
SUPPLEMENTARY TABLE: CHAPTER I

Table A1. Web of Science literature search terms and evidence for epigenetic regulation
within the HPA-axis
HPA Component Name/ Web of Science
Epigenetic Research Epigenetic
Search Terms: epigenetic* AND
Studies
Effort
Regulation (%)
“Corticotropin-releasing hormone receptor 2”
OR CRHR2
“Corticotropin-releasing hormone receptor 1”
OR CRHR1
“Adrenocorticotropic hormone receptor” OR
“melanocortin receptor 2” OR MCR2R OR
ACTHR
“Steroidogenic acute regulatory protein”
“Glucocorticoid receptor” OR GR OR NR3C1

1

136

0.74

3

410

0.73

2

301

0.66

8
123

1251
36465

0.64
0.34

“Cholesterol side chain cleavage enzyme” OR
CYP11A1 OR P450scc
“Arginine vasopressin” OR “antidiuretic
hormone” OR argipressin” OR AVP OR ADH
AND cort*
“Mineralocorticoid receptor” OR MR OR
NR3C2

5

1949

0.26

5

2857

0.18

5

3673

0.14

“Corticotropin-releasing hormone” OR
“corticotropin-releasing factor” OR
“corticoliberin” OR CRH OR CRF
“Adrenocorticotropic hormone” OR
“corticotropin” OR “acortan” OR ACTH OR
POMC

19

25128

0.08

30

41924

0.07

“Proopiomelanocortin” OR POMC AND cort*
“3 beta-hydroxysteroid dehydrogenase” OR
HSD3B2
“21-hydroxylase” OR CYP21A2 OR P450c21

1
0

1706
2594

0.06
0

0

3041

0
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Table A1 (Continued)
HPA Component Name/ Web of Science
Search Terms: epigenetic* AND

Epigenetic
Studies

Research
Effort

Epigenetic
Regulation (%)

“11 beta-hydroxylase” OR “11β-hydroxylase” 0
1241
0
OR CYP11B1 OR P450c11B1
"Corticosteroid-binding globulin" OR
0
2015
0
"transcortin" OR CBG OR serpinA6
"arginine vasopressin receptor 1B" OR
0
97
0
"vasopressin V1b receptor" OR "vasopressin 3
receptor" OR "antidiuretic hormone receptor
1b" OR AVPR1B
A Web of Science search was conducted in December of 2016 in order to reveal the components
of the HPA-axis in which epigenetic marks have influenced functionality and where within the
pathway epigenetic regulation is most likely to occur. Total Epigenetic Studies—each
component of the HPA-axis was queried using search terms “epigenetic” and “component name”
or “component abbreviation” or “associated gene”. Total Research Effort—to account general
research effort among HPA components, we also removed the search term “epigenetic” to
calculate the number of studies investigating each component. Epigenetic Regulation (%)—
calculated by taking the ratio of Total Epigenetic Studies to Total Research Effort (x 100).
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APPENDIX B:
SUPPLEMENTARY FIGURES: CHAPTER II

Figure B1. The effects of genetic variation within the putative TLR4 promoter (i.e. genotype
at SNPs 1&2) on DNA methylation at CpG1 and TLR4 expression. (A) DNA methylation at
CpG1 did not significantly vary among genotypes at SNPs 1&2. (B) TLR4 expression did not
significantly differ among genotypes at SNPs 1&2. Bars are means +/- 1SE.
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Figure B2. Distribution of genotypes at SNPs 1&2 according to distance from Mombasa
(dfM) indicates evidence of genetic admixture among populations. Populations are indicated
by the following abbreviations and distances relative to Mombasa: MO (Mombasa—0km), VOI
(Voi—160km), NA (Nairobi—500km), NK (Nakuru—650km), and KA (Kakamega—885km).
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APPENDIX C:
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE (IACUC) APPROVAL
LETTER

91

92

93

